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Abstract 
 This thesis demonstrates that solid-state NMR (SSNMR) spectroscopy of 
quadrupolar nuclei provides a powerful means of characterizing a diverse set of 
materials.  Complementary techniques such as pXRD and quantum chemical calculations 
are also explored. 
 First, information on the structure and function of methylalumoxane (MAO) is 
obtained via 27Al and 91Zr SSNMR experiments at two different magnetic field strengths.  
In particular, 27Al NMR and accompanying first principles calculations reveal the nature 
of the Al sites in the cage-like MAO structures, and lend insight into the interactions that 
lead to the formation of the MAO/metallocene adducts. 
 Second, a series of hydrochloride (HCl) pharmaceuticals are characterized via 
35Cl SSNMR, and arrangements of close-contact hydrogen bonds are correlated to 35Cl 
EFG tensor parameters.  Plane-wave density functional theory calculations of these 
parameters are in good agreement with experiment.  35Cl SSNMR is also shown to act as 
an unambiguous “fingerprint” for polymorphs of HCl pharmaceuticals. 
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Chapter 1 
1  Introduction and Theory 
1.1   Introduction 
 The phenomenon of nuclear magnetic resonance (NMR) was first reported 
independently and simultaneously by the research groups of Bloch and Purcell in 1946.1, 2    
The importance of this work was highlighted in 1952 when Bloch and Purcell were 
awarded the Nobel prize for their contribution to the field of NMR.  Since the initial 
discovery of NMR, intense research, coupled with advances in hardware and software, 
has made this a ubiquitous technique for the solution-state, molecular-level structural 
characterization of chemical compounds, in both industry and academia.  Solid-state 
NMR (SSNMR) has also benefitted from relatively recent technological advances and 
has, subsequently, been an area of intense research over the past several decades,3-7 
including studies on proteins,8 polymers,9 inorganic materials,10, 11 as well as clays and 
minerals,12 to name but a few categories of solid materials.  In the following sections the 
interactions responsible for the phenomena observed in NMR spectroscopy are discussed, 
along with the techniques utilized in this work for the acquisition of SSNMR spectra.  
The following sections are not meant to be a complete treatment of the interactions that 
govern the NMR experiment; for a more complete description of the theoretical aspects 
of NMR spectroscopy, the reader is referred to a number of elegantly written texts.9, 13-21  
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1.2  NMR Interactions 
 NMR is a consequence of the interaction of the nuclear spin, which has an 
associated magnetic dipole moment, µ, with an external magnetic field, B0.  The 
Hamiltonian describing the principal interactions of NMR, which include interactions of 
nuclear spins with both external and internal magnetic fields, can be written as 
 
Htotal = HZ + HNS + HQ + HDD + HJ + HRF,                                                     (1) 
 
where HZ describes the Zeeman interaction,  HNS represents the nuclear shielding 
interaction, HQ the quadrupolar interaction, HDD the direct dipolar coupling, HJ the 
indirect coupling, and HRF the interaction with radiofrequency fields.  These NMR 
interactions, all of which affect the appearance of the resulting NMR spectrum, will be 
discussed in detail in the following sections. 
 
1.2.1  Zeeman Interaction 
 Many nuclei possess an intrinsic spin angular momentum, I, and a corresponding 
spin quantum number I.  I is proportional to the nuclear magnetic dipole moment, μ, such 
that:  
 
 µ = γI                                                                (2) 
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where γ is the gyromagnetic ratio, an intrinsic property of each nuclide.  Those nuclei for 
which the nuclear spin quantum number, I, is equal to zero do not possess spin angular 
momentum, nor a nuclear magnetic dipole moment.  
 Classically, when a nuclear magnetic dipole moment is placed in an external 
magnetic field, it precesses about an axis defining the direction of this field.  Quantum 
mechanically, the nuclear spin can only adopt certain fixed orientations as defined by its 
spin quantum number mI; hence the spin angular momentum is said to be quantized, such 
that the z-component of I is given as: 
 
Iz = mIħ                                                              (3) 
 
where the magnetic quantum number mI = I, I − 1, …, −I, represents the spin state of a 
given spin.  The energy of the interaction between μ and B0, along the z-axis, can be 
written as: 
 
Em = μ · B0 = μzB0 = γIzB0 = mIħγB0 = mIħω0                                          (4) 
 
 The rate of precession of the nucleus about an external magnetic field, ω0, is 
known as the Larmor frequency: 
 
ω0 = −γB0                                                                 (5) 
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The Larmor frequency, as written above, uses the sign convention of Levitt.22  This 
precession, in units of rad s−1, follows a conical path as shown in Figure 1.1.  Nuclei with 
spin I have 2I + 1 energy levels which are degenerate in the absence of a magnetic field.  
However, when B0 is applied, the degeneracy is broken, and a splitting of the nuclear 
ground state into 2I + 1 energy levels is observed, as depicted in Figure 1.2 for an I = 3/2 
nucleus.  These energy levels differ in energy by ΔE = ħγB0 , and the  Hamiltonian 
describing the interaction of the nucleus with B0 can be written as:14 
 
Hz = Iz ħγB0                                                             (6) 
 
and is known as the Zeeman interaction.  Solely under the influence of the Zeeman 
interaction, all energy level separations are equivalent and, consequently, there is only 
Figure 1.1.  Depiction of nuclear spin angular momentum precessing about the magnetic field. 
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one observed transition frequency. 
 Thus far we have only considered a single nucleus, or spin, when in reality, a real 
sample is best described by an ensemble of spins.  In the presence of a magnetic field, for 
a I = 1/2 nucleus with positive γ, the spin states are populated according to the Boltzmann  
distribution: 
 
kT
ΔE
e
N
N
β
α =                                                              (7)
 
where Nα refers to the number of nuclei populated the lower energy nuclear spin state (mI 
= 1/2), and Nβ signifies the population of the higher energy spin state (mI = −1/2).  Hence 
Figure 1.2.  Quantization of the nuclear spin angular momentum for I = 3/2 nucleus in the presence of a 
magnetic field.  Note the energy separation between adjacent spin states is equivalent, resulting in a 
single transition frequency. 
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for a γ > 0 nucleus at any temperature, there are more spins in the lower energy α state, 
giving rise to a net magnetization vector, M, parallel to B0.  Increasing the magnetic field 
or lowering sample temperature, leads to an increase in Nα/Nβ, and consequently, a larger 
M. 
 
1.2.2  Response of Nuclear Spins to Radiofrequency Pulses 
 Prior to discussion of the internal NMR interactions, we must first discuss the 
effect of radiofrequency (rf) pulses on an ensemble of nuclei in the presence of a 
magnetic field.  In an NMR experiment, the sample is placed inside a coil (generally 
solenoid type), usually on a probe head, inside the static applied magnetic field.  An 
alternating current is passed through the coil oscillating at a frequency, called the 
transmitter frequency, ωTx, which is equal to or near the similar to the nuclear Larmor 
frequency, ω0.  This oscillating current produces a magnetic field, B1, along the axis of 
the coil (arbitrarily designated along the x-axis in the lab frame), perpendicular to B0.  If a 
pulse, B1, is applied through the coil such that ωTx ≈ ω0, then we are able to direct the 
magnetization away from B0, which is parallel to the z-axis.  That the small B1 field can 
‘tip’ M away from the much larger B0 is best understood when one considers the rotating 
frame which is a reference frame (denoted x′y′z′) that rotates at a frequency equal to ωTx 
about the z-axis (i.e., z′ = z).  If ωTx = ω0 (on resonance), then the individual magnetic 
moments comprising M appear to be stationary with respect to the rotating frame.  This 
gives the appearance that B0 is absent and the B1 field, which now appears stationary, is 
present.  If the frequency of the applied pulse is equal to the Larmor frequency, the net 
7 
 
magnetization vector M precesses about B1 at the nutation frequency, ω1 = −γB1.  The 
nutation frequency is dependent upon γ as well as the magnitude of B1 produced by the rf 
pulse. 
 If a pulse is introduced with a magnitude B1 and duration τp, then the net 
magnetization vector M is rotated at angle θp away from the z-axis such that: 
 
θp = τpγB1 = −τpω1                                                            (8) 
 
Therefore, M is ‘tipped’ into the x′y′-plane of the rotating frame when τp and ω1 are set 
such that θp is equal to π/2, according to the vector model illustrated in Figure 1.3(a).  
The orientation of M within the xy-plane is dictated by the right-hand rule (i.e., a pulse 
applied along the x-axis will direct M onto the −y-axis).  When B1 is removed, by turning 
the pulse off, the magnetic moments are free to precess about B0 at the Larmor frequency 
(Figure 1.3(b)) which, in turn, induces a current in the coil.  This current is recorded as a 
time domain signal, commonly referred to as a free induction decay (FID), and is 
subsequently Fourier transformed to produce the frequency domain NMR spectrum. 
 If there is a large separation between ωTx and ω0, then the efficacy of the pulse at 
generating transverse magnetization is reduced.  The magnetic moments no longer appear 
to be stationary in the rotating frame and, as such, contributions from both the B0 and B1 
field are present.  The resulting effective magnetic field, Beff, which has both z and x′ 
components can be described as: 
 
8 
 
Beff = (B0 – ωTx/γ)·z  + B1/2·x                                               (9) 
 
If (B0 – ωTx/γ) >> Beff (i.e., the offset Δω = ω0 – ωTx is large), then the magnetization does 
not ‘tip’ into the x′y′-plane and there is not any resultant signal.  This is a crucial aspect in 
the consideration of ultra-wideline SSNMR spectra, which are typically greater than 250 
kHz broad, and uniform excitation of the entire frequency range with a single, short 
rectangular pulse becomes impossible. 
 
1.2.3  Relaxation Processes 
 There are two types of NMR relaxation processes: longitudinal (or spin-lattice) 
relaxation and transverse (or spin-spin) relaxation.  When a sample is initially placed in a 
magnetic field, the nuclear spins will gradually change their orientations until there is an 
excess of spins populating the lower energy Nα nuclear spin state.  Eventually, the bulk 
Figure 1.3.  (a) Vector model representation of the effect of a pulse applied along the x′-axis of the 
rotating frame on the bulk magnetization vector M.  (b) After B1 is turned off, the vector undergoes free 
precession about B0 . 
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magnetization M reaches thermal equilibrium (Mmax) predicted from the Boltzmann 
distribution.  The longitudinal relaxation time, described by the T1 relaxation time 
constant, is the time required for the bulk magnetization, M, to return to thermal 
equilibrium (M = Mmax).  In order for M = Mmax, one must wait approximately 5 T1 time 
periods.  The value of T1 governs the time interval between scans and is dependent on the 
nucleus of study, and can range from μs to days.  Hence, the amount of time required to 
obtain a NMR spectrum is greatly influenced by T1.  It is possible to measure T1 
experimentally via the inversion recovery pulse sequence.13 
 Transverse magnetization generated by an applied pulse will also undergo 
relaxation.  After a pulse is applied the transverse magnetization precesses in the x′y′-
plane, however, its magnitude decreases over time and eventually decays to zero.  This is 
due to individual nuclear spins acquiring random orientations in the x′y′-plane.  This 
process is known as tranverse relaxation and is described by the time constant T2 which 
can be measured using the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence (vide 
infra).23, 24  A detailed discussion on relaxation mechanisms is beyond the scope of this 
introduction, and the reader is referred to other, more detailed, descriptions.25-27 
 
1.2.4  Nuclear Shielding and the Chemical Shift 
 In 1951, while acquiring the 1H NMR spectrum of ethanol, three distinct 1H 
resonances were observed corresponding to the methyl, methylene, and alcohol protons.28  
The different frequencies of the proton resonances were dubbed as chemical shifts (CS) 
and have since been used extensively to characterize molecular structure. 
10 
 
 The interaction of the nuclear magnetic moment with the surrounding magnetic 
field consists of two components: the external magnetic field B0 and an internal magnetic 
field that arises from the sample, Bint (we neglect magnetic susceptibility in this 
discussion).  The applied field, B0, induces motion of electrons in molecules, which in 
turn generates a very small local field, Bint, known as nuclear shielding (NS), which acts 
as a small perturbation on B0.  This nuclear shielding, which can be treated as a 
perturbation on the much larger Zeeman interaction, allows for the differentiation of 
nuclear environments in a molecule.  The local field at a nucleus is therefore the sum of 
these two fields: 
 
Bloc = B0 + Bint                                                                                           (10) 
 
Hence, the small induced field acts to alter the Larmor frequency of the nucleus, such that 
there is a new, shifted Larmor frequency given by: 
 
γBloc = γB0 + γBint                                                                                       (11) 
    or                                           ωloc = ω0 + ωint                                                                                           (12) 
 
 According to the formal treatment of  Ramsey,29-31 the total nuclear shielding, σ, 
has two contributions: diamagnetic, σD, and paramagnetic, σP, shielding: 
 
σ = σD + σP                                                                                              (13) 
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The diamagnetic shielding contribution usually results in shielding of the nucleus (i.e., 
production of Bint which opposes B0, thereby reducing the effective Larmor frequency) 
and arises due to circulation of ground state electrons induced by the external magnetic 
field, B0.  This induced current creates a small local molecular magnetic field, Bint, on a 
very small, but detectable, scale.  Paramagnetic shielding, which usually deshields the 
nucleus (i.e., production of Bint in the same direction as B0, thereby increasing the 
effective Larmor frequency), originates from the magnetic-field induced mixing of 
ground state orbitals with low-lying excited electronic state orbitals.  Nuclear shielding 
can be described by the Hamiltonian:  
 
HNS = −γ ћIz·σ ·B0                                                                                    (14) 
 
where Iz represents the spin angular momentum of the nucleus and σ  is a 3 × 3 (a 
second-rank) tensor that describes the nuclear shielding in the molecular frame:  
 
σ = 










σσσ
σσσ
σσσ
zzzyzx
yzyyyx
xzxyxx
                                                            (15)  
 
The tensor is not traceless.  However, it is anti-symmetric which can be separated into 
symmetric and anti-symmetric components.  Only the symmetric components contribute 
12 
 
to observable chemical shifts which are represented by a symmetric-second rank tensor in 
its own principal axis system (PAS), a reference frame where the second-rank tensor is 
defined such that all the off-diagonal elements are zero: 
 
PASσ  = 










σ
σ
σ
33
22
11
00
00
00
                                                            (16) 
 
The principal components (σ11, σ22, σ33) are assigned such that σ33 ≥ σ22 ≥ σ11 (i.e., σ33 
and σ11 are said to be the most and least shielded component, respectively).  One possible 
way of visualizing the tensor is as a three-dimensional ellipsoid (Figure 1.4) which 
illustrates that the degree of chemical shielding is dependent upon the orientation of the 
molecule; that is, different orientations of the NS tensor, with respect to B0, arising from 
distinct molecular orientations give rise to a distribution of nuclear shielding values, as 
shown in Figure 1.4 for ethene.  The isotropic nuclear shielding is the average of the 
three principal components: 
 
σiso = (σ11 + σ22 + σ33) / 3                                                 (17) 
 
Nuclear shielding values are described with respect to a bare nucleus (i.e., no electrons) 
which is completely deshielded (σbare = 0 ppm).  However, it is not practical to measure 
the NS of a bare nucleus, though one can calculate theoretical NS values with respect to 
this reference point.  Experimentally, one measures chemical shifts, which are compared 
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against a reference standard.  The chemical shift (CS) is the shielding of a nucleus, 
σsample, with respect to that of a reference standard, σref.   This involves measuring the 
Larmor frequency of a reference standard, ωref, and assigning it an arbitrary shift, usually 
0 ppm.  If the Larmor frequency of the sample, ωsample is known, the isotropic chemical 
shift, δiso, can be determined:  
 
δiso = 6
ref
sampleref
10)( ×ω
ω−ω
 = 
ref
sampleref
1 σ−
σ−σ
 ≈ σref – σsample                          (18) 
 
Now the NS tensor can be written equivalently in terms of chemical shift: 
 
Figure 1.4.  (a) Depiction of nuclear shielding tensor orientation with corresponding principal axis 
components.  (b) Nuclear shielding tensor orientation for the carbon atom in ethene.  Note the 
orientation dependence of the nuclear shielding interaction. 
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PASδ  = 










δ
δ
δ
33
22
11
00
00
00
                                                        (19) 
 
The principal components are assigned such that δ11 ≥ δ22 ≥ δ33, where δ11 represents the 
highest chemical shift and, conversely, δ33 is the lowest chemical shift (still the lowest 
and highest nuclear shielding, respectively). 
 The CS interaction is anisotropic, as discussed above.  There are numerous 
conventions utilized in the description of chemical shift anisotropy (CSA), but herein, the 
Herzfeld-Berger convention is used.32, 33  The isotropic shift, δiso, is found at the center of 
gravity of the powder pattern of I = 1/2 nuclides.  This describes the average chemical 
shift of the nucleus: 
 
δiso =  3
332211 δ+δ+δ                                                       (20) 
 
The span (Ω) indicates the breadth of the powder pattern and is given by:  
 
Ω = δ11 – δ33                                                        (21) 
 
The skew, κ, is a dimensionless value, and describes the axial symmetry of the chemical 
shift tensor, or the position of δ22 with respect to δiso, and is given by: 
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κ = 3(δ22 – δiso) / Ω                                                  (22) 
 
where −1 ≤ κ ≤ 1.  There are alternative CSA definitions, and the reader is referred to the 
article outlining these definitions for a comprehensive description.34 
 The effects of CSA have profound effects on NMR spectra.  In solution, where 
small molecules rapidly tumble in an isotropic fashion, the isotropic chemical shift, δiso, 
is observed as a sharp peak (Figure 1.5(a)) and the CSA is said to be “averaged to zero”.  
In the solid state, broad powder patterns are often observed due to CSA, where all 
possible tensor orientations are present with respect to the magnetic field, and all of the 
orientation-dependant chemical shifts are seen (Figure 1.5(b)).  The large number of 
tensor orientations give rise to a large number of resonant frequencies, which are 
superimposed to give the resulting powder pattern (i.e., the response of the CS tensor for 
every possible orientation of the crystallite is observed); the shape of the powder pattern 
is dictated by the CS tensor parameters.  This is not restricted to microcrystalline 
samples, as amorphous and disordered samples also have an enormous number of tensor 
orientations present, resulting in representative powder patterns.  However, these patterns 
may be somewhat broadened due to a lack of long-range order. 
 
1.2.5  Quadrupolar Interaction 
 The quadrupolar interaction (QI) is restricted to quadrupolar nuclei, for which I > 
1/2.  Quadrupolar nuclei contain an asymmetric charge distribution about the nucleus 
(Figure 1.6) which, in turn, gives rise to a nuclear quadrupole moment eQ,15, 35 an 
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intrinsic property of the nucleus, represented in units of m2.  The nuclear quadrupole 
moment interacts with the electric field gradient (EFG) surrounding the nucleus.  A non-
Figure 1.5.  (a) Rapid molecular tumbling in solution serves to average the CSA to its isotropic value which, 
in turn, results in a sharp peak at the isotropic frequency shift, δiso. (b) Simulated 13C (I = 1/2) static 
spectrum.  The discontinuities correspond to the principal components of the CS tensor.  Note the sharp 
peaks corresponding to δ11, δ22 and δ33, which illustrate how different orientations of the CS tensor, with 
respect to B0, give rise to distinct transition frequency shifts.  In a powdered sample, all orientations are 
present, giving rise to a powder pattern. 
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spherical distribution of charge surrounding the nucleus, from electrons and atoms, gives 
rise to a non-zero EFG.36, 37  The EFG at a nuclear site can be described by a symmetric, 
second rank, 3 × 3 tensor, V : 
 
V  = 










zzzyzx
yzyyyx
xzxyxx
VVV
VVV
VVV
                                                         (23) 
 
which can be diagonalized to transform the EFG into its principal axis system: 
 
Figure 1.6.  (a) Schematic representation of the asymmetric charge distribution for a quadrupolar nucleus 
and the associated preferential orientation, or interaction, with an electric field gradient.  (b) Schematic 
representation of an I = 1/2 nucleus with a spherical charge distribution.  Here there is no preferred 
orientation with respect to the electric field gradient.   
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PASV  = 










33
22
11
00
00
00
V
V
V
                                                            (24) 
 
where the principal components are ordered such that |V33| ≥ |V22| ≥ |V11|.  In addition, the 
tensor is also traceless such that V33 + V22 + V11 = 0.  Like the CS tensor, this can be 
visualized as an ellipsoid.  The quadrupolar interaction is not a magnetic interaction, but 
rather, an electric interaction that originates solely from the ground state electron 
distribution of the molecule or system in question. 
 The magnitude of the quadrupolar interaction is typically described by the 
quadrupolar coupling constant, CQ: 
 
CQ = h
eQV33                                                               (25) 
 
The value of CQ, typically reported in units of kHz or MHz, describes the spherical 
symmetry of the ground-state electronic environment surrounding the nucleus: as the 
spherical symmetry increases, the magnitude of CQ decreases.12  Alternatively, the 
magnitude of the QI is sometimes reported as the quadrupolar frequency, ωQ: 
 
ωQ = )12(2
3 Q
−
π
II
C
                                                            (26) 
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A measure of the axial symmetry of the EFG tensor is described by the dimensionless 
asymmetry parameter, ηQ: 
 
ηQ = 
33
2211
V
VV −
,  0 ≤ ηQ ≤ 1                                                  (27) 
 
Axially symmetric tensors are found when ηQ = 0 (V11 = V22). 
 The Hamiltonian describing the quadrupolar interaction can be written: 
 
HQ = IVI ⋅⋅
−

)12(2 II
eQ                                                  (28) 
 
Under the high-field approximation, where ω0 >> ωQ, the quadrupolar interaction may be 
treated as a perturbation of the Zeeman interaction and the quadrupolar Hamiltonian is 
expanded into as series: 
 
HQ = HQ[1] + HQ[2] + …..                                            (29) 
 
where HQ[1] and HQ[2] are the first- and second-order quadrupolar Hamiltonians, 
respectively. 
 Considering an I = 3/2 quadrupolar nucleus under the influence of HQ[1], there are 
2I + 1 = 4 energy levels and three observable transitions: a central transition (CT, m = 
+1/2 → m = −1/2) and two satellite transitions (ST) which are the −1/2 ↔ −3/2 and 1/2 
20 
 
↔ 3/2 transitions (Figure 1.7).  Although HQ[1] serves to perturb the individual spin states 
associated with the Zeeman interaction, the central transition is not affected, however the 
satellite transitions are perturbed, as depicted in Figure 1.7.  For large values of ωQ, HQ[2] 
perturbs energy levels with ± mI by the same magnitude, but opposite in sign which, in 
turn, perturbs both the CT and the ST’s (Figure 1.7).  However, in most cases of 
moderate to large CQ values only the CT is observed in SSNMR spectra, as the ST are 
broadened beyond detection by HQ[1].  The orientation dependence of HQ[2] is much more 
complex than HQ[1] as well as all other first-order NMR interactions.12, 38  For a powdered 
sample, as in the case of CS tensors, all EFG tensor orientations are present which give 
rise to characteristic powder patterns, as shown in Figure 1.8 and, based upon their 
shapes, the EFG parameters CQ and ηQ can be determined. 
Figure 1.7.  Perturbation of the Zeeman energy levels arising from the quadrupolar interaction to a first- 
and second-order approximation for a spin I = 3/2 system.  Although not broadened by the first-order 
quadrupolar interaction, the central transition is broadened by the second-order quadrupolar interaction.  
The satellite transitions are affected by both the first- and second-order quadrupolar interaction. 
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1.2.6  Euler Angles 
 The SSNMR spectra of quadrupolar nuclei may be influenced by both CS and 
EFG tensor parameters providing that their magnitudes are comparable.  As a result, the 
relative orientations of the EFG and CS tensors can have a profound effect on the 
resulting SSNMR spectrum.39, 40  The Euler angles (α, β, and γ) describe how these 
tensors are oriented with respect to one another and are defined as follows: the two 
tensors are aligned such that, in a standard xyz Cartesian coordinate axis system, V33 and 
σ33 are along the z-axis, V22 and σ22 are along the y-axis, and V11 and σ11 are along the x-
axis.  Initially, the CS tensor is rotated about the z-axis by angle α.  This creates a new CS 
reference frame labeled x′, y′, z′ with σ11, σ22, and σ33 directed along x′, y′, and z′, 
Figure 1.8. (a) Simulated spectra (I = 3/2) with ηQ = 0.0 and values of CQ ranging from 1.0 to 4.0 MHz.  
(b) Simulated spectra with CQ = 3.0 MHz and ηQ ranging from 0.2 to 1.0.  The broadening of the 
powder pattern due to the increased value of CQ, as well as the position of the discontinuities due to ηQ, 
are illustrated. 
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respectively.  A rotation about the y′-axis by angle β produces another CS reference 
frame (x′′, y′′, z′′), again with σ11, σ22, and σ33 directed along x′′, y′′, and z′′, respectively.  
Finally, a rotation about z′′ by angle γ results in the final orientation of the CS tensor in 
its own PAS (coincident with the X, Y, Z coordinate system), with respect to the EFG 
tensor, as shown in Figure 1.9.41 
 
1.2.7  Dipolar and Scalar Coupling 
 Direct dipole-dipole coupling, described by a traceless second-rank tensor, results 
from the mutual interaction of the magnetic moments of two nuclei.  A nuclear spin 
Figure 1.9. Depiction of the Euler angle convention used to describe the relative orientation of the 
CS and EFG tensor by rotating the CS tensor from the fixed EFG tensor frame (denoted by the x, y, z 
frame) into the PAS of the CS tensor (denoted by the X, Y, Z frame).  Adapted from Tang (2008)41 
23 
 
generates a magnetic field in the surrounding space with respect to the direction of the 
spin magnetic moment.  This magnetic field perturbs the magnetic field of a second 
nuclear spin in a through space interaction known as direct spin-spin coupling or dipolar 
coupling.  By a mutual interaction, it is meant that the first nuclear spin also experiences 
the effects of the field from the second nuclear spin.  In addition, the magnetic fields 
propagate directly through space with no involvement of the electron clouds (i.e., 
bonding). 
 The total Hamilitonian describing dipolar coupling for two spins j and k can be 
written:14  
 
HDDjk = RDDjk(3(Ij·ejk)( Ik·ejk) − Ij · Ik)                                   (30) 
 
where ejk is a vector parallel to the shortest, straight line path connecting the centers of 
the two nuclei.  RDDjk is known as the dipolar coupling constant, which describes the 
magnitude of the dipolar interaction and is given by (in Hz): 
 
RDDjk = − 3
0
)(4 jk
kj
rπ
γγµ 
                                                        (31) 
 
where rjk is the internuclear distance between spins j and k, μ0 is the permeability of free 
space, and the γ’s are the gyromagnetic ratios.  Therefore, dipolar couplings are very 
large for pairs of nuclei with high γ’s and small internuclear distances.  The dipolar 
24 
 
interaction is usually only observed in the solid state, as rapid isotropic molecular motion 
averages dipolar couplings to zero in solution.42  In SSNMR, the effects of the dipolar 
interaction can be removed through the use of decoupling schemes and magic-angle 
spinning (MAS), which is the case for many of the spectra acquired in this thesis.  No 
further detail on the usage of dipolar couplings in SSNMR experiments is given, except 
to mention that dipolar couplings are of immense importance when one applies cross-
polarization NMR experiments (vide infra). 
 Scalar coupling, also referred to as J-coupling or indirect spin-spin coupling, also 
occurs between two nuclear spins; however, the interaction is mediated by the bonding 
electrons in a molecule.43  Therefore, scalar coupling is primarily an intramolecular 
interaction and is described by: 
 
HJ jk = 2πIj · jkJ ·Ik                                                 (32) 
 
where jkJ  is a second-rank anti-symmetric tensor with a non-zero trace and is dependent 
on molecular orientation.  In solution, rapid molecular tumbling averages the coupling to 
its isotropic value, denoted as Jiso, in Hz.  J-coupling of nucleus k (spin I) to nucleus j 
(spin S) results in 2(S + 1/2) peaks in the spectrum of k and 2(I + 1/2) peaks in the 
spectrum of j.  The separation between the peaks is equal to Jiso, in most cases.  In 
solution-state NMR, J-couplings and chemical shifts complement each other in terms of 
information that can be obtained: chemical shifts provide information on the local 
electronic environment surrounding the nucleus and J-couplings provides data 
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concerning the bonding environment.  However, isotropic J-couplings are typically 
observed in SSNMR when MAS experiments are utilized (vide infra).  Anisotropies in J 
tensors can only be observed under special conditions, and for certain pairs of heavier 
nuclides.44 
 
1.3  NMR Acquisition and Signal Enhancement Techniques 
 The power of NMR spectroscopy becomes apparent when one considers the 
variety of techniques that can be employed to enhance the NMR signal and improve 
spectral resolution.45  In addition, NMR is used to probe molecular dynamics, structure, 
disorder, bonding, and interatomic distances.46-49  Some of the techniques used employ 
special hardware, but many involve specially designed pulse sequences that manipulate 
the nuclear spins.  In this thesis, we are concerned with techniques for enhancing signal-
to-noise (S/N) at the sacrifice of resolution, specifically in the case of acquiring UW 
SSNMR spectra. 
 
1.3.1  Magic-Angle Spinning (MAS) 
 Isotropic molecular motion in solution serves to average anisotropic NMR 
interactions to their isotropic values, giving rise to high-resolution NMR spectra.  In 
solids, this effect can also be achieved by employing magic-angle spinning (MAS) 
experiments, in which the sample container (i.e., rotor) is rapidly spun at a constant rate 
(ca. 2 – 70 kHz) at an angle of 54.74° with respect to the magnetic field,50, 51 as depicted 
in Figure 1.10.  All first-order anisotropic NMR interactions have an orientation 
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dependence described by a 3cos2θ – 1 term, where θ is the angle between the largest 
component of the interaction tensor and the magnetic field (the term 3cos2θ – 1 is equal 
to zero when θ = 54.74°).  Therefore, when a sample is spun at this angle, known as the 
magic angle, the largest component of the interaction tensor possesses an average 
orientation of <3cos2θ – 1>.  This mechanical rotation effectively orients the largest 
component of the interaction tensor at 54.74°, with respect to the magnetic field, for 
every crystallite.  The result is solution-like spectra for I = 1/2 nuclei. 
 MAS is most effective when the sample is spun at a rate greater than the 
anisotropy of the interaction to be removed.  When an MAS experiment is performed on 
a I = 1/2 nucleus, the resulting NMR spectrum contains a sharp, isotropic peak (Figure 
Figure 1.10.  Schematic representation of a rotor at the magic-angle of θ = 54.74° where θ is the 
angle of the rotor with respect to B0. 
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1.11(a)).  In addition, there will also exist spinning side bands, which are additional peaks 
in the spectrum that are separated from the isotropic peak by integer multiples of the 
spinning speed (Figure 1.11(a)) whose intensities are dictated by the CSA tensor.  These 
spinning sidebands are a result of rotational echoes in the FID. 
 MAS NMR spectra of half-integer quadrupolar nuclei do not typically possess 
sharp isotropic peaks.  The first-order quadrupolar interaction is dependent on the 3cos2θ 
– 1 term and, therefore, is effectively averaged by MAS experimental conditions.  The 
second-order quadrupolar interaction is not averaged in an MAS experiment, due to its 
complex angular dependence.38  The central transition of quadrupolar nuclei under MAS 
Figure 1.11.  (a) Simulated spectra illustrating the effect of MAS on an I = 1/2 powder pattern at various 
spinning speeds.  The isotropic peak is enclosed in the red box.  Note the spinning sidebands are offset 
from the isotropic peak by an integer multiple of the spinning speed.  (b) I = 3/2 MAS (top) and static 
(bottom) spectra 35Cl SSNMR spectra of dopamine HCl.  νrot = 22 kHz. Spinning sidebands denoted by *. 
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conditions is much narrower than the powder pattern observed under static conditions, as 
depicted in Figure 1.11(b), and is only dependent on CQ, ηQ, and δiso.  Since the 
orientation dependence of the second-order quadrupolar interaction cannot be averaged 
completely by MAS, averaging of both the first- and second-order quadrupolar 
interaction can be accomplished by alternative techniques: for example, rotating the 
sample simultaneously about two axes (i.e., double-rotation or DOR techniques),52, 53 or 
by achieving multiple-quantum coherences in two-dimensional NMR experiments, such 
as dynamic-angle spinning (DAS)54-58 or multiple-quantum MAS (MQMAS).59-61 
 
1.3.2  Echo Pulse Sequences 
 The most basic NMR experiment involves irradiation of the sample by a π/2 pulse 
to create transverse magnetization, and after a certain time period (necessary to dissipate 
the power from the pulse in the probe and to turn on the receiver), the resultant time 
domain signal is then recorded.  However, this method is not feasible for nuclei with fast 
transverse relaxation time constants, as the signal may decay prior to this time period.  
One solution to this problem is to use an echo experiment (Figure 1.12).62  This 
experiment involves using a π pulse after the initial π/2 pulse described above.  The initial 
π/2 pulse creates transverse magnetization which is followed by an echo dephasing period 
(τ).  During τ, vectors representing the different offset frequencies (F corresponds to 
positive transmitter offset and S corresponds to negative transmitter offset, or fast and 
slow, respectively) are visualized to be precessing about B0 (z-axis).  The π pulse then 
refocuses the transverse magnetization and leads to the formation of a spin echo after a 
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time τ, allowing for enough time for the power to dissipate in the probe and the resulting 
signal to be recorded (Figure 1.12). 
Figure 1.12.  (a) A schematic representation of the Hahn echo pulse sequence and (b) a vector model 
illustrating the refocusing of two representative spins. 
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1.3.3  Frequency-stepped SSNMR 
 There are many cases where strong rf pulses cannot excite nuclear spins across 
the entire frequency range of the spectrum, due to the extreme breadth of the pattern 
arising from anisotropic NMR interactions (i.e., CSA and the quadrupolar interaction).  
These so-called ultra-wideline (UW) NMR spectra63 are typically greater than 250 kHz in 
breadth and, as such, require special pulse sequences or acquisition methods in order to 
acquire the spectrum in its entirety.  The most common method is to collect a series of 
sub-spectra which was initially accomplished via the “point-by-point” method where the 
echo intensity of the NMR signal was plotted as a function of magnetic field strength64, 65 
or transmitter frequency.66  A more recent method involves acquisition of sub-spectra at 
evenly spaced transmitter offset frequencies, followed by the Fourier transformation and 
co-addition of each of the sub-spectra.67, 68  This allows for spectral acquisition in much 
larger frequency increments which reduces experimental times and increases the signal-
to-noise (S/N) ratio.  This technique is known as the variable offset cumulative spectrum 
(VOCS) method67 which, used in conjunction with specialized pulse sequences such as 
WURST-QCPMG63 (vide infra), allows for spectral acquisition of very broad SSNMR 
spectra.69-71  
 
1.3.4  The Quadrupolar Carr-Purcell Meiboom-Gill (QCPMG) and Wideband 
Uniform-Rate Smooth Truncation (WURST)-QCPMG Pulse Sequences 
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 The Carr-Purcell Meiboom-Gill (CPMG)23, 24 pulse sequence, initially developed 
as a method to measure T2 relaxation, has become widely utilized as a technique for the 
acquisition of wideline and ultra-wideline NMR spectra.  The pulse sequence, dubbed 
quadrupolar Carr-Purcell Meiboom-Gill (QCPMG),72-75 when applied to quadrupolar 
nuclei, follows the same principles as a Hahn echo with the addition of a series of π 
pulses and intermittent acquisition periods following the initial spin echo (Figure 
1.13(a)).  Therefore, multiple echoes are recorded per scan (Figure 1.13(b)) leading to a 
signal enhancement when compared to a standard Hahn echo experiment, providing the 
T2 relaxation constant is large.  One can process the corresponding FID by co-adding the 
echoes in the time domain followed by Fourier transformation to produce the static 
pattern, as depicted in Figure 1.13(c).  Alternatively, one could Fourier transform the 
echo train, which results in a “spikelet” spectrum, in which the outer manifold matches 
the lineshape of the static spectrum (Figure 1.13(d)).  The spikelet spacings, in Hz, are 
inversely proportional to the distance between the echoes, in s. 
 A modification was recently implemented to the QCPMG pulse sequence where, 
instead of rectangular pulses, frequency-swept pulses are used.  These frequency swept 
pulses, called wideline uniform-rate smooth truncation (WURST),76 have been used in 
the acquisition of UW NMR spectra.77  These WURST pulses perform a frequency sweep 
by modulating the phase of the pulse, at a fixed transmitter frequency, allowing for 
broadband excitation.  A combination of WURST pulses with a QCPMG echo train 
allows for both broadband excitation (via WURST pulses) and signal enhancement (via 
the QCPMG echo train), and is appropriately called WURST-QCPMG (Figure 1.14).63, 78  
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This technique has allowed for acquisition of very broad patterns in a relatively short 
period of time, due to the reduced number of sub-spectra that need to be acquired.   
Figure 1.13.  (a) A schematic representation of the QCPMG pulse sequence.  The parameters τ1, 
τ2, τ3, and τ4 indicate interpulse delays.  (b) An example of the spikelet FID obtained from a 27Al (I 
= 5/2) QCPMG experiment on methylaluminoxane.  (c) Fourier transformation of the first spin 
echo gives a standard spin echo spectrum.  (d) Fourier transformation of the QCPMG echo train 
gives a spikelet spectrum.     
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1.3.5  Cross Polarization 
 Cross polarization (CP) is an experimental technique used in the spectral 
acquisition of nuclides for which the NMR properties are unfavorable, such as long T1 
relaxation times, and/or low natural abundance or γ of the observe nucleus.  This 
technique involves transferring the magnetization, via dipolar coupling, from a nucleus 
with favorable NMR properties, I, to a different nucleus with unfavorable NMR 
properties, S.  I and S are often referred to as the abundant and dilute nuclides, 
respectively.  The CP pulse sequence is shown in Figure 1.15.79-81  A π/2 pulse is applied 
to nucleus I followed by simultaneous lower power, spin-locking pulses on both I and S 
channels, for a time period known as the contact time.  Under static (i.e., non-spinning) 
conditions, CP will operate at maximum efficiency if the spin-lock pulses have the same 
Figure 1.14.  A schematic representation of the WURST-QCPMG pulse sequence.  The parameters τ1, 
τ2, τ3, and τ4 indicate interpulse delays.  The excitation and refocusing pulses have identical lengths and 
phases. 
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radiofrequency fields on both channels, such that the Hartmann-Hahn matching condition 
is satisfied:82 
 
γIB1I = γSB1S                                                         (33) 
 
The maximum theoretical signal enhancement factor is proportional to γI/γS.  However, 
the Hartmann-Hahn matching condition is modulated by spinning speed for MAS 
experiments.  This problem is overcome by the use of CP pulse sequences such as 
variable-amplitude CP (VACP)83, 84 or ramped amplitude CP (RAMPCP).85 
 
Figure 1.15.  A schematic representation of the cross-polarization pulse sequence.  I corresponds to the 
nucleus with favorable NMR properties (abundant) and S corresponds to the nucleus with unfavorable 
NMR properties (dilute). 
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1.3.6  Multiple-Quantum Magic-Angle Spinning (MQMAS) 
The anisotropic effects of the second-order quadrupolar interaction cannot be 
completely averaged by conventional MAS experiments.  Therefore, difficulties can arise 
when one attempts to extract certain information from MAS spectra with multiple 
resonances, including the number of resonances arising from magnetically distinct nuclei, 
as well as their relative intensities.  Many different techniques have been developed in 
order to average the second-order quadrupolar interaction and acquire high-resolution 
spectra of quadrupolar nuclei, such as DOR,52, 53 and DAS54, 56 which unfortunately 
require specialized probes.  However, a two-dimensional NMR technique was developed 
which correlates multiple- and single-quantum coherences, called multiple-quantum 
(MQ)MAS, that utilizes conventional MAS hardware.59  Multiple-quantum coherences 
are initially achieved with a high power radiofrequency pulse and then allowed to evolve 
during a time period t1, as shown in Figure 1.16(a).  After time t1, a second pulse is 
Figure 1.16.  (a) Pulse sequence and one possible coherence pathway diagram for the MQMAS 
experiment developed by Frydman and Harwood.59  (b) Conventional 97Rb MAS NMR spectrum (14.1 T), 
triple-quantum MAS NMR spectrum and corresponding isotropic projections for RbNO3, recorded using 
the pulse sequence in (a).  This pulse sequence was not utilized in this study.    
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applied which converts the multiple-quantum coherence to observable signal (i.e, 
corresponding to the −1 pathway shown in Figure 1.16(a)).  The result is a two-
dimensional lineshape that resembles a contour map, an example of which is shown in 
Figure 1.16 (b).  However, this initial method of acquiring a MQMAS spectrum gave 
rise to ‘phase-twisted’ lineshapes (lineshapes that cannot be phased).  Therefore, 
modifications to the original experiment have been made to ensure that the lineshapes can 
be phased properly, including phase- and amplitude-modulated experiments with respect 
to the t1 time increment.  The reader is referred to select articles reviewing the different 
methods.86-89  For these MQMAS experiments, the one-dimensional spectrum 
corresponding to the isotropic resonances can be obtained by taking the projection that is 
orthogonal to the slope of the ridge lineshape.  The slope of the ridge is dependent on the 
spin system and is called the MQMAS ratio, R.   In practice, a mathematical 
transformation known as shearing is used which adjusts the ridges so they are parallel to 
δ2 (Figure 1.17), and the isotropic projection can be easily obtained and interpreted. 
Figure 1.17.  Schematic representation of a spectrum resulting from an MQMAS experiment.  Shown in 
(a) are a series of ridges aligned along a gradient equal to the MQMAS ratio, R.  Shown in (b) is the 
spectrum post shearing, exhibiting a series of ridges parallel to δ2.  An isotropic spectrum is then 
obtained from a projection onto δ1 
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 One notable MQMAS technique, and the only one utilized in the following 
chapters, is the split-t1 MQMAS experiment.90  This method involves splitting the t1 
increment into two components, kt1 and k′t1, which are related by the MQMAS ratio 
(Figure 1.18(a)).  This results in a spectrum containing ridges that are parallel to the δ2 
dimension and no additional shearing transformation is required, as shown in Figure 
1.18(b). 
 From MQMAS spectra it is possible to extract information regarding quadrupolar 
tensor parameters and δiso by (i) using the position of the center of gravity of the 
lineshape (δ1, δ2) to determine δiso and the quadrupolar product PQ: 
 
PQ = CQ(1 + ηQ2/3)1/2                                                 (34) 
 
or (ii) performing an analytical simulation on the extracted cross-section to determine CQ, 
ηQ, and δiso; however, the extracted cross-sections may exhibit lineshape distortions due 
Figure 1.18.  (a) Pulse sequence and one possible coherence pathway diagram for the I = 3/2 phase 
modulated split-t1 MQMAS experiment.90  (b) Conventional 97Rb MAS NMR spectrum (14.1 T), 
triple-quantum MAS NMR spectrum, and corresponding isotropic projections for RbNO3, recorded 
using the pulse sequence in (a). 
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to nonuniform excitation and inefficient conversion of triple-quantum coherences.87 
 
1.3.7  Quantum Chemical Calculations of NMR Tensor Parameters 
 Quantum chemical calculations have become widely used in all areas of 
chemistry owing to recent advancements in computational hardware and software.  With 
regards to NMR tensor calculations for solids, Hartree Fock (HF) and density functional 
theory (DFT) methods are commonly employed.  Full descriptions of these computational 
methods are beyond the scope of this work, and are described elsewhere.91, 92  These 
methods use a molecular approach such that the calculation is performed on an isolated 
molecule in an attempt to determine the solid-state NMR parameters.93  Unfortunately, 
they do not take into account the three-dimensional periodicity inherent in the crystal 
lattice of a solid.   
 In cases where inter-molecular interactions are important (for determining 
energies, frequencies, etc.), calculations on isolated molecules are insufficient.  Instead, a 
cluster approximation can be used where a central atom is chosen, the extended solid 
approximated, and any dangling bonds are terminated with a hydrogen atom.  The 
accuracy of such calculations are dependent on the size, and accuracy, of the extended 
structure.  In addition, calculations on large clusters could be very computationally 
demanding. 
Recently, plane-wave methods capable of performing calculations on extended 
structures, by exploiting the symmetry of solids, have been developed, such as the 
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CASTEP computational code.94-96  Within this thesis, DFT calculations have been 
performed using isolated molecules as well as extended solids. 
 The calculation of NMR tensor parameters are useful for several reasons: (i) they 
can be used to calculate NMR tensor parameters and orientations which can then be 
correlated to local structure and (ii) they can be used to elucidate trends found in a series 
of similar structures, and (iii) they can be used for structural prediction for systems with 
unknown molecular structures and (iv) they provide insight into the origins of NMR 
interactions.  Before any of these outcomes can be realized, one must first test the 
accuracy of the method of calculation.  This is done by calculating NMR tensor 
parameters for complexes for which the molecular structure is known, and comparing the 
results to known experimental NMR results. 
 
1.4  Context of Research 
 In Chapter 2, the structural elucidation of methylalumoxane (MAO) is described.  
MAO is an important co-catalyst for industrial olefin polymerization, serving to activate 
select metallocenes to form highly active polymerization catalyst adducts.  However, the 
structure, as well as the method by which MAO is able to activate metallocenes, is 
currently unknown for MAO.  Multiple 27Al SSNMR techniques, such as static, MAS, 
and MQMAS experiments at standard (9.4 T) and ultra-high (21.1 T) magnetic fields, are 
employed to investigate the structure of MAO.  Analytical simulations of the 27Al 
SSNMR spectra suggest that a sample of MAO possesses a large degree of molecular-
level disorder.  Quantum chemical molecular orbital DFT calculations on model systems 
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were also completed and used to assign the multiple 27Al SSNMR sites present in the 
spectrum of bulk MAO, as well as to construct models of the co-catalyst.  We were able 
to show that MAO consists of a series of ‘cage’-type structures for which the aluminum 
environment is four coordinate.  In addition, data suggests that the method of activation 
may involve a low abundant, five-coordinate aluminum center. 
 Chapter 3 focuses on the acquisition of 35Cl SSNMR spectra of hydrochloride 
(HCl) pharmaceutical salts.  Static and MAS 35Cl SSNMR spectra were acquired at 9.4 T 
and 21.1 T.  It is demonstrated that the magnitude of CQ (35Cl) and ηQ is very sensitive to 
the local chlorine anion environments.  The values of CQ are correlated to a number of 
structural trends for well-known HCl pharmaceuticals.  Identification of these trends 
allow for structural prediction of an HCl pharmaceutical polymorph whose crystal 
structure is unknown.  Plane-wave DFT calculations are shown to give good correlation 
between calculated and experimental values of CQ, in addition to providing 35Cl EFG 
tensor orientations which are also related to molecular structure.  HCl pharmaceutical 
polymorphism is explored via 35Cl and 13C SSNMR, as well as powder X-ray diffraction 
(pXRD).  35Cl SSNMR is a rapid experimental technique shown to act as a ‘fingerprint’ 
for the various pharmaceutical polymorphs (i.e., 35Cl SSNMR spectra are unambiguous in 
the differentiation of polymorphism).  Although the 13C SSNMR spectra and pXRD 
powder patterns can be ambiguous for polymorphism, all three techniques are shown to 
be complementary and should be utilized for the full characterization of these types of 
systems.                 
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Chapter 2 
 
 
Multinuclear NMR Spectroscopy of Methylalumoxane: Solid Forms of the Co-
catalyst and Metallocene Adducts 
 
 
2.1  Introduction 
 Single site homogeneous and heterogeneous catalysts used for olefin 
polymerization are of great value in many industrial processes.1-7  Of the many catalysts 
used, transition metal metallocenes are of particular importance.  One proposed, yet 
highly simplified, mechanism for the insertion of ethylene into a homogeneous 
metallocene catalyst and the resultant polymerization process is pictured in Scheme 2.1.8  
However, both homogeneous and heterogeneous metallocene catalysts require the 
addition of a co-catalyst both for activation and to work at peak efficiency.9 
 In 1980, Sinn et al. discovered that the controlled addition of water to a mixture 
of Cp2ZrMe2 and trimethylaluminum [TMA, AlMe3] creates a highly active catalytic 
system for ethylene polymerization.10  The hydrolysis of TMA leads to the creation of a 
co-catalyst, methylalumoxane [MAO, (AlOMe)n], which can interact with Cp2ZrMe2 to 
form an active catalytic system.  The successful synthesis of MAO can be achieved via 
patented hydrolytic methods that employ the use of salt hydrates,11-16 as well as 
techniques that do not require the use of water.17-19  However, the expense of producing 
MAO is of particular concern to many companies, owing to the high costs of both TMA 
and the associated equipment and infrastructure.  Despite the importance of 
Cp2ZrMe2/MAO adducts to industrial polymerization processes, very little is known
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 regarding the precise role of MAO in these systems and why, in particular, such a large 
ratio of MAO:metallocene is needed to produce such active catalysts (e.g., 
MAO:Cp2ZrCl2 of 10000:1).2, 20 
 The structure of MAO is poorly understood5, 7, 21, 22 which greatly hinders our 
understanding of the interaction between MAO and metallocene species.  Measurements 
utilizing ebullioscopic and cryoscopic techniques show that samples of MAO exhibit a 
range of molar masses.23  For (AlOMe)n, 27Al solution NMR experiments reveal that n 
ranges from 9 to 14 and 20 to 30 at high and ambient temperatures, respectively, and that 
MAO contains four-coordinate aluminum sites.24  EPR studies predict n to be between 15 
and 20, which suggests there may be a variety of different MAO structures.25  
Interestingly, the structure of MAO was initially thought to be composed of linear chains 
or rings with three-coordinate aluminum sites;26 however, this is unlikely unless the 
formation of an aluminum site with a higher coordination number is hindered by 
sterically bulky coordinating ligands.  Studies by Barron and co-workers have provided 
tremendous insight into the structure of aluminoxanes through the synthesis and 
characterization of the tert-butyl analogues of MAO: [(tBu)Al(μ3-O)]n, where n = 6, 7, 8, 
Scheme 2.1. Proposed mechanism for the insertion of ethylene into a cationic zirconocene and 
subsequent polymerization. 
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9 and 12.27, 28  Using single crystal X-ray diffraction it was found that these compounds 
are composed of three-dimensional cage structures with four-coordinate aluminum and 
three-coordinate oxygen sites (Scheme 2.2(a)).27, 28  In turn, it has been suggested that 
MAO may exhibit similar cage type structures.27, 28 
 It is also well known that MAO has aluminum sites with high Lewis acidity; 
however, four-coordinate aluminum centers are not typically identified as Lewis acidic.  
The idea of latent Lewis acidity (LLA), initially postulated by Barron and co-workers, is 
a term used to describe the ability of an electron-precise molecule to undergo heterolytic 
bond cleavage to generate an electron deficient, Lewis acidic site.29  For MAO, LLA is a 
consequence of ring strain within each of its cage structures, and a reaction at a LLA 
aluminum site would relieve this strain.  The ring strain in MAO is thought to be caused 
by a deviation from the preferred geometries of trigonal planar for the three-coordinate 
oxygens and tetrahedral for the four-coordinate aluminums.29  Therefore, in the case of 
MAO, the most latent Lewis acidic aluminum sites are likely to be at the junction of two 
or more square faces, which have the highest degree of ring strain (Scheme 2.2(b)). 
 Quantum chemical calculations were conducted by Zurek et al. in an attempt to 
determine possible MAO cage structures, as well as their relative abundances.  Using 
Density Functional Theory (DFT), it was possible to calculate the enthalpies, entropies 
and Gibbs energies of 36 different possible MAO structures.30  A selection of these cage 
structures is shown in Scheme 2.3.  They concluded that the most stable structures of 
MAO are the cage structures containing the smallest number of square faces for each 
value of n.  In addition, it was predicted that the most abundant species at all
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 temperatures should be (AlOMe)12.  Similar DFT studies have been reported that make 
comparable predictions,31-33  as well as giving valuable insight into the synthetic pathway 
for the formation of MAO from TMA.34  In addition, preliminary 27Al solid-state NMR 
(SSNMR) studies have been reported for MAO; however, no definitive structural results 
have been obtained thus far.35 
 Many studies indicate that there is always some residual TMA contained in a 
sample of bulk MAO (since MAO is synthesized by controlled hydrolysis of TMA).  The
Scheme 2.2.  (a) Synthesized t-butyl analogues of MAO.27, 28  The t-butyl groups have been omitted for 
clarity.  (b) Proposed MAO cage structure depicting a latent Lewis acidic site, as suggested by Barron 
and co-workers.29 
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TMA is thought to either bind directly to MAO or exist as an independent species, both 
in varying ratios.36-39  Unbound TMA can be removed with relative ease from the MAO 
sample under reduced pressure.  By contrast, it is thought to be impossible to remove 
bound TMA, even after distillation of the sample in the presence of cumene.40  A number 
of DFT investigations have been undertaken in an effort to determine the manner in 
Scheme 2.3. Selected cage structures of MAO predicted by Zurek et al. using DFT calculations.30  All 
methyl groups have been omitted for clarity. 
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which TMA associates with MAO.32, 33, 41, 42  Most notably, a study by Zurek et al. 
concluded that the association of TMA to MAO had a negative Gibbs’ energy only for 
(AlOMe)6, (AlOMe)8, (AlOMe)10, and that a very small amount of TMA is coordinated 
to MAO.43  The most likely active species of this sort is (AlOMe)6•TMA (Figure A1, 
supporting information). 
 The interaction between the catalyst and the co-catalyst forms a cationic 
metallocene species (denoted as Cp2ZrMe2/MAO) that is capable of coordinating olefins 
for polymerization.44-51  In particular, studies involving Cp2ZrMe2 and Lewis acidic tris- 
and tetra(pentafluorophenyl)boron adducts strongly suggest that an ion pair of the form 
[Cp2ZrMe2+][A-] is necessary for olefin polymerization.52-56  UV/visible spectroscopy has 
also been applied to characterize the active catalyst, showing that Cp2ZrCl2 is 
monomethylated by MAO and free TMA is not necessary for this methylation.57-62  DFT 
calculations conducted on models of this system also suggest that the active co-catalyst 
species for polymerization consists of a MAO cage incorporating TMA.20, 63 Zurek et al. 
also conducted a study to determine the most likely metallocene/MAO structures, both 
dormant and active, used in olefin polymerization (Scheme 2.4).64, 65  While there is an 
extensive array of work relating to MAO and the active polymerization catalyst, 
currently, there is not universal agreement regarding the structure and function of MAO.  
For a more comprehensive review of MAO and related studies, the reader is referred to 
the work of Zurek et al.66 and Pedeutour and co-workers.9 
 Heterogeneous solid-state catalysts are often preferred for most industrial olefin 
polymerization processes.  They feature an actively catalytic molecule (e.g., a
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metallocene) that is immobilized by chemisorption or physisorption onto an inorganic 
support material (e.g., silica).  The resulting material often lacks long-range order and/or 
can be amorphous in nature, inhibiting characterization by X-ray diffraction.  Since a 
sample of bulk MAO contains a large amount of Al, and the Zr metal center of Cp2ZrMe+ 
is postulated to be the active catalytic site, 27Al and 91Zr SSNMR are logical choices for 
their structural elucidation.  SSNMR spectra of half-integer quadrupolar nuclei, such as 
27Al and 91Zr, are highly responsive to both subtle and dramatic changes in molecular 
structure and can therefore act as excellent structural probes.  SSNMR of such nuclei 
allows for the elucidation of electric field gradient (EFG) tensor parameters for 27Al and 
Scheme 2.4.  Active polymerization catalysts, as predicted by DFT calculations.64,65  
(a) Cp2ZrMe2/MAO•TMA, (b) Cp2ZrMe2/MAO, (c) Cp2ZrMe2/MAO (deactivated product unable to 
initiate polymerization). 
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91Zr; namely, the quadrupolar coupling constant, CQ, and the asymmetry parameter, ηQ.  
27Al SSNMR has been widely used as a characterization tool for a variety of different 
aluminum containing compounds.67-71  27Al has a nuclear spin of 5/2 and 100% natural 
abundance.  These properties, along with the relatively high gyromagnetic ratio (6.97 × 
107 rad T−1 s−1) and moderate quadrupole moment (14.66 × 10−28 m2), make 27Al NMR 
favourable for structural studies.72  91Zr is also has a nuclear spin of 5/2, and is classified 
as unreceptive due to its moderate quadrupole moment (−17.9 × 10−28 m2), low natural 
abundance (11.23%) and relatively low gyromagnetic ratio (−2.50 × 107 rad T−1 s−1).  
Previous 91Zr SSNMR studies have been predominantly limited to extended solids.73-85  
In fact, our group’s previous studies on metallocenes are the only examples where 91Zr 
SSNMR has been applied to molecular systems.86, 87 
 Due to recent advances in software for quantum chemistry and vastly improved 
hardware, density functional theory (DFT) calculations of NMR interaction tensors can 
greatly aid in structural elucidation and spectral assignment.  The local EFG tensor 
parameters can be probed directly with SSNMR experiments, and in conjunction with 
DFT, provide information regarding the ground-state electronic structure, symmetry, and 
bonding at each Al and Zr site.  In addition, chemical shift tensor parameters, including 
the isotropic chemical shift, δiso, the span, Ω, and the skew, κ, are also valuable sources of 
structural information (see Table 2.1 for definitions of these parameters). 
 Since our group has successfully utilized solid-state NMR (SSNMR) to 
characterize a variety of metallocene species from the perspective of the metal centres via 
139La, 93Nb, 91Zr, 35Cl, and 47/49Ti SSNMR,86-91 we wish to extend our work to include the 
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co-catalyst, MAO, and a model of the active catalytic system, Cp2ZrMe2/MAO.  Herein, 
we present multinuclear SSNMR experiments (i.e., 27Al, 91Zr, 13C, 1H) on bulk solid 
MAO and several adducts of Cp2ZrMe2/xMAO (x = 5, 10, 15, 20).  This data, along with 
first principles DFT calculations of NMR interaction tensors, are used to (i) examine 
potential solid-state structures for MAO and (ii) to explore the nature of the catalyst/co-
catalyst ion pair, which is presumed to be the active catalytic species in heterogeneous 
processes.   
 
2.2  Experimental 
2.2.1  Samples 
 MAO (10 wt. % in toluene) and Cp2ZrCl2 were purchased from Sigma Aldrich 
and used without further purification.  Dimethylzirconocene (Cp2ZrMe2) was synthesized 
according to previously published literature procedures and characterized by 1H solution 
NMR spectroscopy.92  Cp2ZrMe2/MAO adducts were synthesized according to previously 
published literature procedures and characterized by 13C variable-amplitude cross-
polarization magic-angle spinning (VACP/MAS) solid-state NMR spectroscopy.44  All 
samples were stored in a glovebox under N2(g). 
 
2.2.2  Solid-State NMR 
 27Al, 13C and 1H SSNMR experiments were performed on a Varian Infinity Plus 
NMR spectrometer with an Oxford 9.4 T (ν0(1H) = 399.73 MHz) wide bore magnet with 
ν0(27Al) = 104.16 MHz and ν0(13C) = 100.52 MHz.  A Varian/Chemagnetics 4 mm HX 
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MAS probe was used for all experiments.  All samples were packed into 4 mm outer 
diameter (o.d.) zirconia rotors and sealed with airtight caps under a nitrogen atmosphere.  
To preserve samples in the unlikely event of a failure of one of the airtight caps, 
experiments were conducted using N2 bearing, drive and purge gases.  Aluminum 
chemical shifts were referenced with respect to 1.0 M Al(NO3)3 (aq) (δiso = 0.00 ppm), 
carbon chemical shifts were referenced to tetramethylsilane (δiso = 0.00 ppm), using the 
high-frequency peak of adamantane as a secondary reference (δiso = 38.57 ppm), and 
proton chemical shifts were referenced to tetramethylsilane (δiso = 0.00 ppm) via a 
secondary standard of adamantane (δiso = 1.85 ppm). 
 27Al NMR experiments were conducted using the WURST-QCPMG93-95 pulse 
sequence with a 50 μs pulse length and sweep width of 1000 kHz, which corresponds to a 
WURST pulse sweep rate of 20 MHz/ms from high to low frequency.  An X-channel rf 
power of 4.2 kHz and a proton decoupling field of 48 kHz were employed in all 
experiments.  The FID was processed by co-adding the echoes in the time domain, 
followed by Fourier transformation to produce the static pattern (see supporting 
information, Figure A2, for more information). 
 1H → 13C{1H} VACP/MAS NMR experiments were performed on all samples 
with TPPM 1H decoupling.96  These experiments featured a contact time of 2.5 ms, a 
pulse delay of 4.0 s, a spectral width of 40 kHz, νrot between 5 and 10.5 kHz and 1H 
decoupling fields between 52.6 and 62.5 kHz.  1H NMR spectra were acquired using a 
standard Bloch decay pulse sequence utilizing a π/2 pulse of 2.4 μs, a spectral width of 
100 kHz, and a recycle delay of 4 s. 
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 Ultra-high field 27Al and 91Zr NMR experiments were performed on a 21.1 T 
Bruker Avance II NMR spectrometer (www.nmr900.ca) for which ν0(27Al) = 234.53 
MHz and ν0(91Zr) = 83.66 MHz.  In the case of 27Al NMR experiments, samples were 
packed in 2.5 mm o.d. zirconia rotors under a nitrogen atmosphere and spectra were 
acquired using a 2.5 mm HX MAS probe.  Spectra were acquired under N2 purge, drive, 
and bearing gas to avoid sample decomposition.  For the 91Zr NMR experiments, samples 
were placed in 7 mm o.d. glass tubes and acquired on a home-built 7 mm HX static 
probe.  27Al chemical shifts were referenced with respect to 1.0 M AlCl3 (aq) (δiso = 0.00 
ppm) and 91Zr chemical shifts were referenced to a concentrated dichloromethane 
solution of Cp2ZrCl2 (δiso = 0.00 ppm) via a secondary standard of solid BaZrO3 (δiso = 
316.0 ppm). 
 27Al NMR experiments were conducted using a Hahn-echo pulse sequence with a 
pulse delay between 1.0 and 4.0 s, a spectral width of 500 kHz and, in the case of MAS 
spectra, νrot of 31.25 kHz.  27Al MQMAS NMR experiments were conducted using a 
phase-modulated rotor-synchronized split-t1 shifted-echo pulse sequence97 with a pulse 
delay of 0.5 s, 16 t1 increments of 32 μs, and 8400 and 20160 scans for MAO and 
Cp2ZrMe2/5MAO, respectively. 
 91Zr NMR experiments were conducted using the WURST-QCPMG93-95 pulse 
sequence with a 30 μs pulse length and a sweep width of 1000 kHz, which corresponds to 
a WURST pulse sweep rate of 33 MHz/ms from low to high frequency.  Additional 
experimental details can be found in the Supporting Information (Tables A2 – A8). 
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 Analytical simulations of 27Al SSNMR spectra were performed using the WSolids 
software package.98  The 27Al SSNMR spectral simulations of MAO and 
Cp2ZrMe2/5MAO were performed using the Quadfit program and employ distributions of 
EFG parameters.99  Spectral analysis and fitting of the 91Zr spectrum of Cp2ZrMe2/5-
MAO was performed using the Solids Line Shape Analysis (SOLA) program within the 
Bruker Topspin 3.0 software package.  The uncertainties in extracted CS and EFG tensor 
parameters were estimated using bidirectional variation of each parameter, and 
subsequent comparison of experimental and simulated spectra. 
 
2.2.3  Theoretical Calculations 
 First principles DFT calculations of the CS and EFG tensor parameters were 
conducted using the Shared Hierarchical Academic Research Computing Network 
(SHARCNET).100  All NMR calculations were performed on sets of coordinates derived 
from proposed literature structures.30  DFT calculations on isolated molecules were 
performed using the NMR program101 in the Amsterdam Density Functional (ADF) 
suite,102-104 employing all-electron gauge including atomic orbitals (GIAO) basis sets for 
all atoms.105, 106  The electron exchange and correlation functionals VWN-BP107-109 were 
used with Slater-type orbitals with a triple-ζ double-polarized (TZ2P) basis set on all 
atoms.  
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2.3  Results and Discussion 
2.3.1  General Overview 
 First, 27Al NMR spectra of MAO and Cp2ZrMe2/MAO adducts are presented.  A 
detailed discussion regarding the 27Al EFG and CS tensor parameters derived from 
analytical simulations of the spectra is given.  Second, the 27Al multiple-quantum magic-
angle spinning (MQMAS) data is presented for MAO and Cp2ZrMe2/5MAO, followed by 
a detailed discussion of the EFG parameters for each of the Al patterns.  Third, first 
principles DFT calculations of the EFG parameters for a variety of proposed cage 
structures are presented, along with a correlation to the 27Al EFG parameters obtained 
from the SSNMR experiments.  Finally, 91Zr spectra of Cp2ZrMe2, Cp2ZrMe2/5MAO and 
[Cp2ZrMe][MeB(C6F5)3] are presented, along with a discussion of their 91Zr EFG and CS 
tensor parameters.  We note that 13C and 1H MAS SSNMR spectra were acquired for 
MAO and each of the Cp2ZrMe2/MAO adducts (see Figures A3 and A4) in order to 
confirm sample purity; these are not discussed further. 
 
2.3.2  27Al SSNMR experiments, MAO 
 The 27Al static NMR spectrum of MAO acquired at 9.4 T is shown in Figure 
2.1(a), with the accompanying EFG and CS tensor parameters listed in Tables 2.1 and 
2.2, respectively.  The broad patterns reveal multiple sites, but appear to be indicative of 
disorder and are difficult to deconvolute as a result.  However, the 27Al multiple-quantum 
MAS (MQMAS) spectrum of MAO (vide infra) reveals three distinct Al resonances.  
One-dimensional spectra are essential for quantifying the relative intensities of the
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patterns and corresponding ratios of Al sites; therefore, these spectra are discussed in 
detail prior to examining the MQMAS data.  The experimental 27Al SSNMR powder 
pattern was analytically simulated (Figure 2.1(b)) with three sites (Site A: Figure 2.1(c), 
Site B: Figure 2.1(d), and Site C: Figure 2.1(e)).  To account for disorder, the EFG 
parameters obtained from simulations of the MQMAS data were used as starting points 
within the Quadfit software to obtain the distributions of EFG tensor parameters from the 
one-dimensional static and MAS NMR spectra, resulting in a pattern comprised of three 
distinct sub-patterns, each with a unique Gaussian distribution of EFG parameters (Table 
2.1).  The mean (CQ(mean) or ηQ(mean)) corresponds to the mean of the Gaussian distribution
Figure 2.1.  (a) Experimental static 27Al WURST-QCPMG SSNMR spectrum of MAO acquired at 9.4 T 
and analytical simulation for (b) co-addition of spectra for Sites A, B and C, (c) spectrum for Site A, (d) 
spectrum for Site B, and (e) spectrum for Site C.  (f) Experimental 27Al MAS SSNMR spectrum of MAO 
acquired at 21.1 T and analytical simulation for (g) co-addition of spectra for Sites A, B and C, (h) 
spectrum for Site A, (i) spectrum for Site B, and (j) spectrum for Site C.  * indicate spinning side bands.  
νrot = 31.25 kHz.  (k) Experimental static 27Al SSNMR spectrum of MAO acquired at 21.1 T and analytical 
simulation for (l) the co-addition of spectra for Sites A, B and C, (m) spectrum for Site A, (n) spectrum for 
Site B, and (o) spectrum for Site C.    
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        Table 2.1.  Experimentally determined 27Al EFG tensor NMR parameters for MAO.  
Experiment, 
magnetic field 
strength 
Site CQ(mean)  
(MHz)a 
CQ(reg) 
(MHz) 
σ 
(MHz) 
ηQ(mean)
b ηQ(reg) σ Relative 
integrated 
intensity 
(%) 
static, 
 9.4 T 
A 15.1(6) 15.1 –19.0 4 0.45(7) 0.1 – 0.5 0.4 81 
B 18.0(20) 12.0 – 20.0 4 0.70(10) 0.7 – 1.0 0.2 18 
C 7.0(10) 5.0 – 7.0 2 0.40(20) 0.4 – 0.8 0.2 1 
         
MAS,  
21.1 T 
A 15.1(6) 15.1 – 18.0 4 0.45(4) 0.2 – 0.5 0.4 78 
B 18.0(5) 12.0 – 20.0 4 0.70(4) 0.7 – 1.0 0.2 20 
C 7.3(9) 6.0 – 7.3 2 0.40(9) 0.4 – 0.8 0.2 2 
         
static, 
21.1 T 
A 15.1(8) 15.1 – 20.0 4 0.42(6) 0.2 – 0.5 0.4 85 
B 18.0(14) 12.0 – 20.0 4 0.70(7) 0.7 – 1.0 0.2 13 
C 7.3(11) 5.0 – 7.3 2 0.40(15) 0.4 – 0.8 0.2 2 
         
final 
parameters c 
A 15.1(7) 15.1 – 19.0 4 0.44(6) 0.2 – 0.5 0.4 81 
B 18.0(13) 12.0 – 20.0 4 0.70((7) 0.7 – 1.0 0.2 17 
C 7.2(10) 5.3 – 7.2 2 0.40(15) 0.4 – 0.8 0.2 2 
 
 
 
 
 
 
The electric field gradient (EFG) tensor is described by three principal components such that |V33| ≥ |V22| ≥ |V11|.   a CQ = 
eQV33/h.  b ηQ = (V11 – V22)/V33.  c The final parameters are the average of each parameter for the three different experimental 
conditions.  The spectra were analytically simulated with a Gaussian distribution of EFG parameters.  CQ(mean) and ηQ(mean) 
refer to the mean of the Gaussian distribution; CQ(reg) and ηQ(reg) refer to the sampling region of the Gaussian distribution; σ 
refers to the standard deviation of the Gaussian distribution.  See text or ref. 99 for additional explanation. 
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     Table 2.2.  Experimentally determined 27Al NMR tensor parameters for MAO.  
Experiment, 
magnetic field 
strength 
Site δiso 
(ppm) a 
Ω (ppm) b κ c α (°) d β (°) γ (°) d 
static, 
 9.4 T 
A 115(15) 75(25) 1.0(6) 0(n/a) 0(15) 0(n/a) 
B 123(7) 225(50) −1.0(1) 0(n/a) 0(5) 0(n/a) 
C 43(10) 75(45) −1.0(1) 105(n/a) 7(10) 43(n/a) 
        
MAS e,  
21.1 T 
A 112(3) -- -- -- -- -- 
B 123(5) -- -- -- -- -- 
C 42(2) -- -- -- -- -- 
        
static, 
21.1 T 
A 115(4) 75(20) 1.0(5) 0(n/a) 0(10) 0(n/a) 
B 118(21) 225(60) −1.0(2) 0(n/a) 0(30) 0(n/a) 
C 41(10) 75(50) −1.0(7) 105(n/a) 7(38) 43(n/a) 
        
final 
parameters f 
A 114(7) 75(23) 1.0(6) 0(n/a) 0(13) 0(n/a) 
B 121(11) 225(55) −1.0(2) 0(n/a) 0(18) 0(n/a) 
C 42(7) 75(48) −1.0(4) 105(n/a) 7(24) 43(n/a) 
over which the parameters are modeled, the region (CQ(reg) or ηQ(reg)) to the sampling 
region of the Gaussian distribution to which the simulations are restricted, and σ 
corresponds to one standard deviation from the mean.99 (Figure A5).  We note that the 
sampling region is not necessarily symmetrical about the mean of the Gaussian 
distribution, as described in ref. 99.  For example, for Site A in MAO (9.4 T, Table 2.1), 
the mean of the Gaussian distribution is CQ(mean) = 15.1 MHz with a σ = 4 MHz.  
However, the best simulation, when compared to the experimental spectrum, was 
achieved when the sampling region, CQ(reg), was restricted to lie within the region 15.1 - 
19.0 MHz. 
The chemical shift (CS) tensor is described by three principal components such that δ11 ≥ δ22 ≥ 
δ33.  a δiso = (δ11 + δ22 + δ33)/3  b Ω = δ11 – δ33.  c κ = 3(δ22 – δiso)/Ω.  d When β is close to zero and 
Ω is small compared to CQ, α and γ do not appreciably influence the spectrum.  Therefore, the 
uncertainties, which would be very large and unrealistic, are neglected.  e CS tensor parameters 
cannot be determined by a MAS experiment, with the exception of δiso.  f  The final parameters 
are the average of each parameter for the three different experimental conditions.      
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 Deconvolution of multiple nuclear sites is often achieved via MAS experiments.  
However, the large breadth of the experimental pattern (ca. 120 kHz, Figure 2.1(a)) 
makes MAS experiments unamenable at 9.4 T due to the high spinning speeds necessary 
to completely average the first-order anisotropic interactions and to separate the spinning 
sideband manifold from overlapping with the central transition (CT) pattern.  Since MAS 
only partially averages the effects of the second-order quadrupolar interaction, and the 
breadth of a quadrupolar-dominated CT pattern is inversely proportional to B0, it is 
possible to fully separate the CT pattern from spinning sideband interference at high 
magnetic field strengths, provided that fast MAS rates are utilized.  The 27Al MAS NMR 
spectrum of MAO was acquired at 21.1 T at the National Ultrahigh-field NMR Facility 
for Solids (www.nmr900.ca).  The 27Al MAS NMR spectrum acquired at 21.1 T (Figure 
2.1(f)) was also simulated (Figure 2.1(g)) with three sites (Figure 2.1(h), Figure 2.1(i), 
Figure 2.1(j)) using the distributions of EFG parameters that are given in Table 2.1.  The 
subtle contributions of the spectra of Sites B and C to the overall powder pattern are seen 
at the outer edges of the spectrum of Site A. 
 The static 27Al experimental spectrum of MAO at 21.1 T (Figure 2.1(k)) was 
simulated (Figures 2.1(l), Figures 2.1(m), Figures 2.1(n), Figures 2.1(o)) with EFG 
parameters similar to those used in the previous two sets of simulations (Table 2.1), as 
well as the CS tensor parameters given in Table 2.2.  At 21.1 T, patterns for Sites B and 
C are now almost fully obscured by that of Site A (i.e., the discontinuities of patterns of B 
and C are nearly aligned with that of the low frequency discontinuity for the pattern of 
A).  This highlights the necessity of acquisition of spectra at both ultra-high (21.1 T) and 
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standard (9.4 T) magnetic field strengths, as the lack of data may lead to their 
misinterpretation.35 
 Since the simulations for Sites A, B and C have similar parameters for 
acquisitions at both 9.4 T and 21.1 T, the final EFG and CS tensor parameters have been 
tabulated in Tables 2.1 and 2.2, respectively, corresponding to average values across the 
three data sets.  The distributions of the EFG parameters reflects the lack of crystallinity 
(i.e., lack of long range order) in the sample of MAO, which is likely due in part to the 
presence of many different cage structures, as predicted by previous studies.27, 28, 30  Sites 
A and B exhibit chemical shifts of 114 and 121 ppm, respectively, which are indicative of 
four-coordinate aluminum centers (Table 2.2).35, 110, 111  Site C has a chemical shift of 42 
ppm, indicative of five-coordinate Al.112, 113  In addition, Site C has a much smaller 
CQ(mean) in comparison to Sites A and B.  The relative intensities of each of the three Al 
sites are 81%, 17%, and 2% for Sites A, B and C, respectively. 
 
2.3.3  27Al SSNMR experiments, MAO and Cp2ZrMe2/MAO adducts 
 It is well known that a high ratio of MAO:Cp2ZrMe2 (1000:1) is needed to induce 
the efficient polymerization of olefins.2  However, such ratios would be impractical for 
detection of active sites and probing the metallocenes in the current NMR investigations; 
therefore, MAO was reacted with Cp2ZrMe2 to produce Cp2ZrMe2/xMAO adducts of 
varying ratios:44 Cp2ZrMe2/5MAO, Cp2ZrMe2/10MAO, Cp2ZrMe2/15MAO and 
Cp2ZrMe2/20MAO.  These compounds were studied with 27Al SSNMR in the hope that 
these spectra may shed light on the interactions between catalyst and co-catalyst. 
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 The static 27Al SSNMR spectra (9.4 T) of MAO and the Cp2ZrMe2/MAO adducts 
are shown in Figure 2.2.  As the ratio of MAO:metallocene in each of the 
Cp2ZrMe2/MAO adducts increases (Figures 2.2(b) – 2.2(e)), there is a narrow pattern in 
the static 27Al spectrum centered at ca. 0 ppm that appears to decrease in intensity 
(denoted by *, Figure 2.2(b) – 2.2(e)).  This pattern corresponds to either to Site C or to 
TMA bound to MAO (vide infra).  In addition, this pattern appears to decrease in 
intensity as time passes.  For instance, the static 27Al SSNMR spectrum of 
Cp2ZrMe2/5MAO, shown in Figure 2.2(g), was acquired four days after the sample was 
synthesized, whilst the static 27Al SSNMR spectrum shown in Figure 2.2(h) was 
acquired on the same sample ca. 5 months later, using the same experimental conditions 
and parameters.  The time sensitive nature of this pattern suggests that there may be a 
transient stabilizing interaction between the catalyst and co-catalyst (i.e., the 
metallocene/MAO species may be metastable), or a metastable aluminum containing 
species in bulk MAO, such as TMA coordinated to MAO.  It is well known that MAO 
reacts violently in the presence of water, even under atmospheric conditions.  In order to 
ensure the observed patterns are not due to decomposition of MAO in the presence of 
atmospheric water, a control experiment was performed.  A sample of MAO was exposed 
to the atmosphere for seven days and a static 27Al SSNMR spectrum was acquired 
(Figure 2.2(f)).  Comparison of this to Figures 2.2(a) – 2.2(e) and Figure 2.2(h) 
indicates that each sample did not decompose during sample preparation and handling 
because the single relatively narrow pattern assigned to decomposed MAO (Figure 
2.2(f)) does not correspond to any of the patterns assigned to bulk MAO or the
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 Cp2ZrMe2/MAO adducts.  It is possible that the Al pattern corresponding to decomposed 
MAO could be mistaken for Site C patterns in the spectra of the Cp2ZrMe2/MAO adducts 
(denoted by *, Figure 2.2(b) – 2.2(e)).  However, upon closer inspection it is clear that 
the two peaks exhibit different chemical shifts and can be differentiated with relative 
ease.  These results were also confirmed by experiments completed at 21.1 T (vide infra). 
 The experimental 27Al SSNMR powder pattern (9.4 T) of Cp2ZrMe2/5MAO 
(Figure 2.3(a)) was analytically simulated (Figure 2.3(b)) with three sites,
Figure 2.2.  Static 27Al WURST-QCPMG spectra (9.4 T) of (a) bulk MAO, (b) Cp2ZrMe2/5MAO, (c) 
Cp2ZrMe2/10MAO, (d) Cp2ZrMe2/15MAO, (e) Cp2ZrMe2/20MAO and (f) MAO exposed to ambient 
atmosphere.  Static 27Al WURST-QCPMG spectra (9.4 T) of (g) Cp2ZrMe2/5MAO acquired 
10/20/2010 and (h) Cp2ZrMe2/5MAO acquired 03/29/2011. 
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corresponding to Sites A, B and C (Figures 2.3(c), 2.3(d), and 2.3(e)).  The EFG and CS 
tensor parameters are shown in Tables 2.3 and 2.4, respectively.  These simulations 
confirm the increase in integrated intensity of the pattern corresponding to Site C when 
five equivalents of MAO are reacted with Cp2ZrMe2.  (ca. twentyfold upon reaction with 
Cp2ZrMe2, as shown in Table 2.3).  In addition, the CQ(reg) corresponding to Site A 
becomes slightly smaller and ηQ(reg) becomes larger (Table 2.3).  As mentioned earlier,
Figure 2.3.  (a) Experimental static 27Al WURST-QCPMG SSNMR spectrum of 
Cp2ZrMe2/5MAO acquired at 9.4 T and analytical simulations for (b) the co-addition of spectra 
for Sites A, B and C (c) spectrum for Site A, (d) spectrum for Site B, and (e) spectrum for Site C. 
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Experiment, 
magnetic field 
strength 
Site CQ(mean)  
(MHz) 
CQ(reg) 
(MHz) 
σ 
(MHz) 
ηQ(mean)
 ηQ(reg) σ Relative 
integrated 
intensity 
(%) 
static, 
 9.4 T 
A 14.8(7) 14.8 – 16.5 4 0.47(3) 0.1 – 0.6 0.4 60 
B 18.0(9) 12.0 – 20.0 4 0.80(10) 0.7 – 1.0 0.2 18 
C 7.0(10) 5.0 – 7.0 2 0.40(9) 0.4 – 1.0 0.3 22 
         
MAS,  
21.1 T 
A 14.9(5) 14.9 – 18.0 4 0.45(6) 0.2 – 0.5 0.4 76 
B 18.0(6) 12.0 – 20.0 4 0.80(3) 0.7 – 1.0 0.2 21 
C 7.3(8) 5.0 – 7.3 2 0.40(12) 0.4 – 1.0 0.3 3 
         
static, 
21.1 T 
A 15.1(9) 15.1 – 21.0 4 0.47(8) 0.2 – 0.5 0.4 76 
B 18.0(13) 12.0 – 20.0 4 0.80(6) 0.7 – 1.0 0.2 21 
C 7.3(11) 5.0 – 7.3 2 0.40(22) 0.4 – 1.0 0.3 3 
         
final 
parameters 
A 14.9(7) 14.9 – 18.5 4 0.46(6) 0.2 – 0.5 0.4 71 
B 18.0(9) 12.0 – 20.0 4 0.80(6) 0.7 – 1.0 0.2 20 
C 7.2(10) 5.0 – 7.2 2 0.40(14) 0.4 – 1.0 0.3 9 
Table 2.3.  Experimentally determined 27Al EFG tensor parameters for Cp2ZrMe2/5MAO. a 
a See Table 1 for definition of parameters 
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Experiment, 
magnetic field 
strength 
Site δiso 
(ppm) 
Ω (ppm) κ  α (°) β (°) γ (°) 
static, 
9.4 T 
A 113(4) 75(20) 1.0(5) 0(n/a) 0(10) 0(n/a) 
B 120(5) 225(60) −1.0(3) 0(n/a) 0(7) 0(n/a) 
C 35(1) 75(5) −1.0(1) 105(n/a) 7(7) 43(n/a) 
        
MAS,  
21.1 T 
A 114(2) -- -- -- -- -- 
B 125(4) -- -- -- -- -- 
C 43(3) -- -- -- -- -- 
        
static, 
21.1 T 
A 115(2) 75(20) 1.0(4) 0(n/a) 0(5) 0(n/a) 
B 120(10) 225(50) −1.0(2) 0(n/a) 0(20) 0(n/a) 
C 43(13) 75(45) −1.0(6) 105(n/a) 7(43) 43(n/a) 
        
final 
parameters 
A 114(3) 75(20) 1.0(5) 0(n/a) 0(8) 0(n/a) 
B 122(6) 225(55) −1.0(3) 0(n/a) 0(14) 0(n/a) 
C 40(6) 75(25) −1.0(4) 105(n/a) 7(25) 43(n/a) 
 
the pattern corresponding to Site C appears to decrease as the ratio of MAO:metallocene 
in each of the Cp2ZrMe2/MAO adducts increases.  However, the relative integrated 
intensities of Sites A, B, and C do not appear to follow any trend with respect to the ratio 
MAO:metallocene in each of the Cp2ZrMe2/MAO adducts (Table 2.5). 
 The 27Al MAS NMR spectra corresponding to MAO and the Cp2ZrMe2/MAO 
adducts acquired at 21.1 T are shown in Figures 2.4(a) – 2.4(e).  The acquisition of the 
NMR spectra for these samples took place ca. two months after the samples were 
synthesized and, because of the transient nature of the species giving rise to the Site C 
pattern, there appears to be no discernable difference between the 27Al MAS spectrum of 
MAO (Figure 2.4(a)) and the spectra of the Cp2ZrMe2/MAO adducts (Figures 2.4(b) – 
2.4(e)).  However, the 27Al MAS spectrum (21.1 T) of Cp2ZrMe2/MAO that was exposed 
to ambient conditions (Figure 2.4(f)) is distinct from that of the Cp2ZrMe2/MAO
a See Table 2 for definition of parameters. 
Table 2.4.  Experimentally determined 27Al NMR tensor parameters for 
Cp2ZrMe2/5MAO. a 
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Table 2.5.  Relative integrated intensities of Sites A, B and C in the Cp2ZrMe2/MAO 
adducts at 9.4 T. a 
Relative Integrated Intensity (%) 
 Site A Site B Site C 
Cp2ZrMe2/5MAO 60 18 22 
Cp2ZrMe2/10MAO 73 12 15 
Cp2ZrMe2/15MAO 83 14 3 
Cp2ZrMe2/20MAO 75 14 11 
adducts, which clearly demonstrates the power of NMR for the detection of impurities.  
The three peaks shown in the spectrum of decomposed Cp2ZrMe2/5MAO (Figure 2.4(f)) 
are likely due to three distinct Al resonances; however, identification of the species to 
which these resonances correspond is beyond the scope of this study.  The 27Al MAS 
spectrum of Cp2ZrMe2/5MAO (Figure 2.4(g)) was simulated with three sites (Figures 
2.4(h) – 2.4(k), Table 2.3) and does not show an increased intensity in Site C, which is in 
contrast to the static 27Al data of Cp2ZrMe2/5MAO at 9.4 T.  Again, this difference in 
intensity may be due to the transient nature of the “Site C” species. 
 Static 27Al SSNMR spectra of MAO and Cp2ZrMe2/MAO adducts acquired at 
21.1 T are shown in Figures 2.5(a) – 2.5(e).  Again, the acquisition of the NMR spectra 
for these samples was completed ca. 2 months after the samples were synthesized.  Not 
surprisingly, the spectral differences between MAO and the Cp2ZrMe2/MAO adducts are 
again negligible, further validating the need to acquire the NMR spectra of the 
Cp2ZrMe2/MAO adducts in a timely fashion.  The static 27Al spectrum of 
Cp2ZrMe2/MAO that was exposed to ambient conditions is shown in Figure 2.5(f) and is 
easily distinguishable from that of MAO (Figure 2.5(a)) and the Cp2ZrMe2/MAO 
adducts (Figures 2.5(b) – 2.5(e)). However, it should be noted that it might be difficult to
a The EFG and CS tensor parameters utilized in the simulation are identical to those found in Tables 3 and 
4 for Cp2ZrMe2/5MAO at 9.4 T. 
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 determine if partial decomposition (i.e., exposure to ambient atmospheric conditions) of 
the sample has occurred due to spectral overlap at the low frequency discontinuity in the 
spectrum of MAO or Cp2ZrMe2/MAO adducts, stressing the need for 27Al MAS SSNMR.  
The static 27Al NMR spectrum of Cp2ZrMe2/5MAO acquired at 21.1 T (Figure 2.5(g)) 
was simulated with three Al sites (Figures 2.5(h) – 2.5(k)) exhibiting NMR parameters 
similar to that of Sites A, B and C discussed previously (Tables 2.3 and 2.4).
Figure 2.4.  27Al MAS NMR spectra (21.1 T) of (a) bulk MAO, (b) Cp2ZrMe2/5MAO, (c) 
Cp2ZrMe2/10MAO, (d) Cp2ZrMe2/15MAO, (e) Cp2ZrMe2/20MAO and (f) Cp2ZrMe2/5MAO exposed to 
ambient atmosphere.  (g) Experimental 27Al MAS SSNMR spectrum of MAO acquired at 21.1 T and 
analytical simulation for (h) the co-addition of spectra for Sites A, B and C, (i) spectrum for Site A, (j) 
spectrum for Site B, and (k) spectrum for Site C.  * indicate spinning side bands.  νrot = 31.25 kHz. 
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 Although much information could be obtained using one-dimensional 27Al 
SSNMR techniques, there are difficulties in drawing definitive conclusions regarding the 
structure of MAO and the interaction between Cp2ZrMe2 and MAO, due to overlap of the 
27Al patterns corresponding to distinct sites and the transient nature of Site C.  In 
particular, this latter issue, and its possible influence on our data acquired at 21.1 T, 
limits a conclusive statement on the nature of the interactions between MAO and 
metallocenes.  This, in turn, indicates the need to investigate these systems using 
Figure 2.5.  Static 27Al spectra acquired at 21.1 T of (a) bulk MAO, (b) Cp2ZrMe2/5MAO, (c) 
Cp2ZrMe2/10MAO, (d) Cp2ZrMe2/15MAO, (e) Cp2ZrMe2/20MAO and (f) Cp2ZrMe2/5MAO exposed to 
ambient atmosphere. (g) Experimental static 27Al SSNMR spectrum of Cp2ZrMe2/5MAO acquired at 21.1 T 
and analytical simulation for (h) the co-addition of spectra for Sites A, B and C, (i) spectrum for Site A, (j) 
spectrum for Site B, and (k) spectrum for Site C.   
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alternative methods such as two-dimensional 27Al SSNMR techniques, which might aid 
in resolving differences between MAO and the MAO/ Cp2ZrMe2 systems. 
 
2.3.4  27Al MQMAS Experiments.  MAO and Cp2ZrMe2/5MAO 
 The 27Al MAS spectrum of MAO (Figure 2.1(f)) is strongly influenced by 
second-order quadrupolar interactions, which are only partially averaged by MAS.  In 
turn, powder patterns corresponding to magnetically distinct Al sites are not easily 
resolved, which hinders the accurate extraction of the NMR parameters for each Al site.  
In order to average the effects of second-order quadrupolar broadenings and resolve 
multiple, distinct sites, high-resolution SSNMR techniques such as MQMAS are 
required.114 
 The 27Al triple-quantum MAS spectrum of MAO, shown in Figure 2.6(a), 
displays three distinct Al resonances.  The projection of the isotropic spectrum onto the δ1 
axis exhibits two distinct broad patterns.  Patterns corresponding to the three sites, Site A 
(Figure 2.6(b)), Site C (Figure 2.6(c)) and Site B (Figure 2.6(d)), were obtained by 
taking cross-sections parallel to δ2.  From MQMAS spectra it is possible to extract 
information on the quadrupolar interactions and δiso by (i) using the position of the center 
of gravity of the pattern (δ1, δ2) to determine δiso and the quadrupolar product PQ (PQ = 
CQ(1 + ηQ2/3)1/2) or (ii) performing an analytical simulation on the extracted cross-
sections to determine CQ, ηQ and δiso.  It must be noted, however, that the extracted cross-
sections may exhibit distortions due to nonuniform excitation and/or poor conversion of 
triple-quantum coherences.115  The values of CQ, ηQ, δiso and PQ obtained from analytical
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Figure 2.6.  Conventional 27Al (21.1 T) MAS NMR spectrum, triple-quantum MAS NMR spectrum, and 
corresponding isotropic projections of (a) MAO.  Also shown are lineshapes of (b) Site A, (c) Site C, and 
(d) Site B for MAO.  Conventional 27Al (21.1 T) MAS NMR spectrum, triple-quantum MAS NMR 
spectrum, and corresponding isotropic projections of  (e) Cp2ZrMe2/5MAO.  Also shown are lineshapes of 
(f) Site A, (g) Site C, and (h) Site B for Cp2ZrMe2/5MAO.  The lineshapes were obtained by taking cross 
sections parallel to δ2 corresponding to each site.  Simulations of each respective site are shown in red.  
Each spectrum was acquired using a phase modulated rotor-synchronized split-t1 shifted echo pulse 
sequence.97  νrot = 31.25 kHz. 
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simulations of the extracted cross-sections obtained from the 27Al MQMAS spectrum of 
MAO are shown in Table 2.6.  The cross-section corresponding to Site A exhibits 
features that are characteristic of a second-order quadrupolar pattern with CQ = 14.9 MHz 
and ηQ = 0.45.  Site B has a considerably larger value of CQ (17.5 MHz), distinct value of 
ηQ (0.7), and a chemical shift, δiso, similar to that of Site A.  The spectrum corresponding 
to Site B is devoid of sharp spectral features, which is most likely due to a combination of 
factors, including insufficient S/N and disorder.  In contrast, Site C has a much narrower 
pattern and lower chemical shift in comparison to Sites A and B.  Unfortunately, 
analytical simulation of Site C is hindered by spectral overlap with Site A (Figure 
2.6(c)), as well as low S/N, which is reflected in the relatively large errors associated with 
the values of CQ and ηQ.  The chemical shift112, 113 corresponding to Site C suggests the 
presence of a five-coordinate aluminum species.  It was possible to assign this site with 
relative ease because values of CQ between 1.0 to 6.0 MHz have been reported in the 
literature for several five-coordinate aluminum species.116-120  The EFG tensor parameters 
and isotropic chemical shifts for Sites A, B and C are in excellent agreement with the 
one-dimensional static 27Al and MAS data discussed previously (and of course were 
utilized to obtain best fits of one-dimensional spectra, vide supra). 
 The 27Al 3Q MAS spectrum of Cp2ZrMe2/5MAO, shown in Figure 2.6(e), also 
displays three distinct Al resonances, Site A (Figure 2.6(f)), Site C (Figure 2.6(g)), and 
Site B (Figure 2.6(h)).  The corresponding NMR parameters, obtained by analytical 
simulation of each cross-section, are given in Table 2.6.  The relative intensities of 
resonances in a MQMAS spectrum can generally not be utilized for quantitative 
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Table 2.6.  Experimentally determined 27Al EFG tensor NMR parameters (21.1 T) for 
bulk MAO and Cp2ZrMe2/5MAO obtained from MQMAS cross-sections. a  
a See Tables 1 and 2 for definitions of parameters.  b PQ = CQ(1 + ηQ2/3)1/2.     
 
measurement of relative site populations, nor can the peaks taken from the individual 
cross sections.  Furthermore, the spectral overlap in the slices corresponding to Site C in 
MAO (Figure 2.6(c)) and Cp2ZrMe2/5MAO (Figure 2.6(g)) hinder accurate elucidation 
of the integrated intensities.  Although the slice shown in Figure 2.6(h) has a similar 
pattern as that of Site B in MAO, there also exists overlap between Site B and Site C.  In 
addition, Site C appears to shift to slightly higher frequency in the indirect dimension (δ1) 
in the MQMAS spectrum of Cp2ZrMe2/5MAO.  Inspection of the spectrum 
corresponding to Site A (Figure 2.6(f)) reveals an increased intensity at the low 
frequency discontinuity and a decreased intensity in the high frequency discontinuity, as 
well as a characteristic ‘tail’ occurring to low frequency, which are commonly 
characteristic of disorder.  This ‘tail’ is less prominent in the spectrum corresponding to 
Site A of MAO (Figure 2.6(b)) suggesting that there is more disorder in 
Cp2ZrMe2/5MAO than in bulk MAO.  Again, the EFG tensor parameters and isotropic 
chemical shifts are in good agreement with results from the one-dimensional data. 
 It is difficult to comment on the precise origin of the Site C pattern for several 
reasons.  On one hand, the one-dimensional spectra acquired at 21.1 T show no 
difference between bulk MAO and the MAO adducts; however, there is a clear difference 
Sample Site CQ (MHz) ηQ δiso (ppm) b PQ (MHz) 
MAO A 14.9(1) 0.45(2) 107(1) 15.39 
B 17.5(5) 0.7(1) 123(3) 18.88 
C 7.2(2) 0.35(5) 43(1) 7.35 
Cp2ZrMe2/5MAO A 14.9(1) 0.45(2) 109(1) 15.39 
 B 17.2(4) 0.70(5) 123(2) 18.55 
 C 7.3(3) 0.37(6) 42(1) 7.46 
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exhibited in the MQMAS spectra - unfortunately, due to low S/N and spectral overlap of 
the Site B and C patterns, it is difficult to extract accurate parameters for Site C.  
Acquiring a spectrum with sufficient S/N for the clear resolution of Sites B and C may 
require an unreasonably long acquisition time (likely on the order of weeks) at ultra-high 
magnetic field strengths.  Furthermore, in comparing these data, we are unsure if the long 
delay between sample preparation and NMR spectroscopy at 21.1 T may have 
compromised the samples’ integrity; as a result, new samples are being prepared, with 
ultra-high field NMR time to immediately follow, in the hopes that we can resolve the 
question of the identity of the “Site C” patterns. 
 
2.3.5  First principles calculations of 27Al EFG tensors 
 In an attempt to correlate experimentally determined 27Al EFG parameters to the 
possible molecular structures of MAO, DFT calculations were performed on a variety of 
different MAO cage structures.  Quantum chemical calculations were previously 
completed by Zurek et al. in an attempt to determine the possible molecular structures for 
36 different MAO cages.30  In each of the proposed MAO cages, each four-coordinate 
aluminum site is located at the junction of three possible geometric ‘faces’: square (S), 
hexagonal (H), and octagonal (O).  In this study, each aluminum site is referred to by the 
geometry of the adjacent faces (i.e., an aluminum at the junction of two square faces and 
a hexagonal face is a SSH site, as shown in Figure 2.7(a)).  Using these structures, 27Al 
EFG tensor parameters were calculated for the cage Al sites for all 36 predicted MAO 
structures, comprising a total of 404 aluminum sites.  All calculated values of CQ and ηQ
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are given in Table A9 in the Supporting Information.  Plots of the calculated values of 
CQ as a function of the geometry of the faces surrounding the aluminum atom are shown 
in Figures 2.7(b) and 2.7(c).  Analysis of the calculated values of CQ for each individual 
Al site reveals a distribution of quadrupolar coupling constants for each type of geometry 
at the Al nuclei, as shown in Figure 2.7(b).  This data is also in good agreement with the 
27Al static and MAS SSNMR data both at 9.4 T and 21.1 T.  A plot of the average value 
of CQ as a function of the geometry of the adjacent faces surrounding the aluminum atom 
Figure 2.7.  (a) A selection of proposed cage structures of MAO depicting the ‘faces’ surrounding an 
aluminum atom.  Each aluminum site is located at the junction of three possible geometric faces: square 
(S, depicted in green), hexagonal (H, depicted in red), and octagonal (O, not shown).  All structures were 
previously determined by Zurek et al.30  Also shown are plots of 27Al calculated values of CQ as a 
function of geometry for a variety of proposed MAO cage structures.30  In (b) are the individual values 
obtained from each calculation and (c) the average values of CQ for the different geometries surrounding 
the aluminum nucleus.  Also highlighted in (c) are regions containing one or less, and two or more square 
faces surrounding the Al nucleus.  The calculated values of CQ are given as absolute values.  Refer to the 
experimental section for details on computational methods.      
80 
 
(Figure 2.7(c)) reveals an increase in CQ when the geometry of the MAO cage structure 
changes from a single square face to two square faces around the Al nucleus.  Although 
the calculated values of CQ are consistently overestimated in comparison to 
corresponding experimental values, both sets of data exhibit the same trend, in that there 
are larger values of CQ when the cage Al sites are involved in the formation of two square 
faces, and smaller values of CQ for Al sites with one square face or less.  Therefore, using 
the calculated values of CQ, in conjunction with the MQMAS data, Site A is assigned to 
an Al atom at the junction of one or less square faces and Site B to an aluminum atom at 
the junction of two or more square faces.  This prediction is in good agreement with the 
MQMAS data obtained for MAO (Figure 2.6, Table 2.6) for Sites A and B: i.e., two 
types of four-coordinate Al centers that have distinct values of CQ. 
 
2.3.6  91Zr SSNMR experiments, Cp2ZrMe2/MAO adducts 
 We have recently demonstrated that 91Zr SSNMR can act as an excellent probe of 
zirconium-containing olefin polymerization catalyst precursors.87  Therefore, in an effort 
to probe the active catalytic system, we have applied 91Zr SSNMR to the study of 
Cp2ZrMe2/MAO adducts.  Unfortunately, observable NMR signal could not be obtained 
for the Cp2ZrMe2/10MAO, Cp2ZrMe2/15MAO, Cp2ZrMe2/20MAO adducts, even after 
the collection of a large number (ca. 40 000) of transients.  This is presumably owing to 
the low Zr content in each sample, and possibly the potentially smaller T2(91Zr) values 
resulting from the formation of the adduct.  It was possible to acquire a static 91Zr 
SSNMR spectrum of Cp2ZrMe2/5MAO, which is shown in Figure 2.8(a).  However, the
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91Zr SSNMR spectrum of Cp2ZrMe2/5MAO was acquired ca. 2 months after the sample 
was synthesized (the same as the ultra-high field 27Al NMR data).  Thus, the pattern that 
is observed may largely correspond to unreacted metallocenes.  Some interference 
(marked with an asterisk) is observed abutting the left hand side of the central transition.  
It is not a satellite transition or pattern resulting from an impurity in the sample, since 
experiments conducted on an empty sample holder with the same parameters and 
conditions yielded identical interference patterns (the origin of these patterns is currently 
unknown).  The central transition pattern exhibits broadening, in particular, near the high 
Figure 2.8.   Static 91Zr spectra (21.1 T) of (a) Cp2ZrMe2/5MAO, (b) Cp2ZrMe2, and (c) 
[Cp2ZrMe][MeB(C6F5)3].  Corresponding spectral simulations are shown in red.  * denotes spectral 
interference.  Chemical structures of (d) Cp2ZrMe2 and (e) [Cp2ZrMe][MeB(C6F5)3].  Proposed 
molecular structures of active polymerization catalysts involving Cp2ZrMe2/MAO are shown in 
Schemes 2.3(a) and 2.3(b).  See ref 87 for experimental details for (b) and (c). 
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and low frequency discontinuities, which is indicative of disorder.  This is not surprising 
since a sample of MAO is non-crystalline; therefore, Cp2ZrMe2 (structure shown in 
Figure 2.8(b)) is the minor component of a new, disordered substance.  In comparison, 
the static 91Zr spectrum of Cp2ZrMe2 has sharp, distinct features, which is consistent with 
it being a highly crystalline sample (Figure 2.8(c)).87  The EFG tensor parameters 
associated with Cp2ZrMe2 and Cp2ZrMe2/5MAO (Table 2.7) are very similar, indicating 
that whatever state the sample is in, the 91Zr NMR spectra are not a clear indicator of 
MAO-metallocene interactions. 
 The best structural analogue for the interaction between Cp2ZrMe2 and MAO is 
believed to be that of [Cp2ZrMe][MeB(C6F5)3] (structure shown in Figure 2.8(d)),56 
which has much higher values of CQ and ηQ (Figure 2.8(e), Table 2.7) in comparison to 
Cp2ZrMe2.  The static powder pattern of [Cp2ZrMe][MeB(C6F5)3] has a large breadth in 
comparison to the static 91Zr NMR spectra of zirconocene catalyst precursors,87 due to 
elongation of the Zr – Me bond (2.56 Å) causing a structural distortion from tetrahedral 
symmetry, as shown in Figure 2.8(d).  The 91Zr NMR data presented in Figure 2.8 
suggests several possibilities: (i) The absence of a broad pattern in 91Zr SSNMR spectrum 
of Cp2ZrMe2/5MAO infers that there may not be any reaction between Cp2ZrMe2 and 
MAO at a 5:1 ratio of MAO to Cp2ZrMe2.  (ii) There is a mix of the CpZrMe2/MAO 
activated species and CpZrMe2; however, the former has a low Zr mass content (ca. 
16.9%) coupled with the low natural abundance of 91Zr (11.23%), which may make the 
very broad 91Zr SSNMR spectrum of the active species difficult to observe. (iii) The 91Zr 
pattern associated with the active catalytic species may be very broad and/or have a very
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Compound CQ 
(MHz) 
ηQ δiso (ppm) Ω 
(ppm) 
κ α (°) β (°) γ (°) 
Cp2ZrMe2/5MAO 26.5(2) 0.45(2) 360(40) 892(70) -0.18(6) 25(8) 11(3) 0(6) 
Cp2ZrMe2 28.0(3) 0.40(4) 475(40) 1750(300) -0.90(30) 80(40) 90(5) 0(5) 
[Cp2ZrMe][MeB(C6F5)3] 39.0(8) 0.76(6) 350(100) 1000(400) 0.20(50) 90(10) 80(15) 86(40) 
Table 2.7.  Experimentally determined 91Zr static EFG and CSA tensor NMR parameters for 
Cp2ZrMe2/5MAO, Cp2ZrMe2, and [Cp2ZrMe][MeB(C6F5)3] (21.1 T). a 
a See Tables 1 and 2 for definitions of parameters.  91Zr SSNMR studies have previously been completed for Cp2ZrMe2 and 
[Cp2ZrMe][MeB(C6F5)3] by our group.87 
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short T2; hence, acquisition of this spectrum may not be possible with the current 
WURST-QCPMG protocol.  (iv) The active catalytic species may be metastable, 
necessitating NMR acquisition immediately after the sample is synthesized. 
 
2.4  Conclusions 
 In summary, we have shown that it is possible to characterize MAO and related 
activated polymerization catalyst Cp2ZrMe2/MAO using a combined approach of 27Al 
and 91Zr SSNMR spectroscopy and quantum chemical calculations.  The 27Al SSNMR 
data acquired at 9.4 T and 21.1 T has confirmed MAO exists in a cage type structure.  In 
addition, it appears to suggest a sample of MAO has no long-range order, which may 
arise in part from the great variety of MAO cage structures.  The 27Al MQMAS spectrum 
of MAO reveals the presence of three distinct Al sites: Site A – a four coordinate 
aluminum atom at the junction of one or less square faces, Site B – a tetracoordinate 
aluminum at the junction of two or more square faces, and Site C – a five coordinate 
aluminum center.  Whereas it is clear that Sites A and B are constituents of the MAO 
cage-like structures, the identity of the Site C species is unclear (it is most likely TMA 
that is coordinated to MAO).  The MQMAS spectrum of Cp2ZrMe2/5MAO reveals the 
presence of three Al sites.  These sites are assigned to the same aluminum species 
contained in bulk MAO.  Furthermore, 27Al NMR data acquired at 9.4 T shows that the 
intensity of Site C decreases over time, suggesting that the Site C species is transient 
(perhaps a metastable species).  In the static 27Al static NMR spectra of MAO and the 5:1 
adduct, the intensity of pattern corresponding to Site C in the latter suggests that this site 
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is responsible for the activation of Cp2ZrMe2 to a highly active polymerization catalyst 
Cp2ZrMe2/MAO.  However, one-dimensional 27Al and 91Zr SSNMR spectra and 27Al 
MQMAS NMR data (at 21.1 T) are inconclusive, hindering the proposed structural 
interpretation due to the transient nature of Site C and the time delay between sample 
synthesis and SSNMR acquisition at 21.1 T (further investigations are ongoing).  
Quantum chemical calculations reveal a distribution of the values of CQ, suggesting that 
bulk MAO is comprised of cage structures, consistent with previous hypotheses in the 
literature.  In addition, DFT calculations aid in confirming the assignment of Sites A and 
B from the 27Al MQMAS data. 
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Chapter 3 
 
 
Combining 35Cl Solid-State NMR and First Principles DFT Calculations for the 
Study of HCl Pharmaceuticals and their Polymorphs  
 
 
3.1  Introduction 
 Most pharmaceuticals (ca. 80%) are manufactured, shipped, stored, dispensed and  
ingested in the form of solid materials.1  Approximately 80% of pharmaceuticals exhibit 
polymorphism2 or pseudopolymorphism.3-7  A chemical substance is said to be 
polymorphic when it is able to crystallize in more than one form or arrangement, or 
pseudopolymorphic when it can crystallize in one or more forms based on its variable 
solvation states.  The identification and differentiation of polymorphs is currently of great 
importance in the pharmaceutical industry owing to the unique properties that each 
pharmaceutical polymorph possesses.8-11  Hence, the analysis of the solid-state structures 
of pharmaceuticals, or active pharmaceutical ingredients (APIs), is extremely important 
as their polymorphic structures are determinants of their biological activity,12 solubility,13, 
14 stability15, 16 and bioavailability.15-17  In addition, pharmaceutical polymorphs are 
subject to intellectual property and patenting rights.8          
 The methods most commonly used for the characterization of solid APIs and their 
polymorphs are single-crystal and powder X-ray diffraction (XRD).8, 18  The former is the 
most prevalent; however, in many cases, it can be difficult or even impossible to isolate 
single crystals of sufficient quality for such experiments.  Although the latter is useful for 
distinguishing polymorphs, there are limitations to the amount of information that can be 
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procured from powder XRD patterns.19, 20  In addition, if the API has an amorphous 
structure (i.e., absence of long range molecular/atomic order) it is not feasible to use 
XRD techniques.  One- and two-dimensional solution-state NMR experiments allow for 
the structural elucidation of APIs, but play no role, of course, in the structural 
characterization of their solid forms.21  However, these techniques allow for the detection 
of impurities in APIs.22, 23  It has been shown that solid-state NMR (SSNMR) 
spectroscopy is an excellent tool for the characterization of complex pharmaceuticals and 
their associated polymorphs.24-30  XRD and SSNMR techniques are complementary to 
one another: the former is sensitive to the long-range order of a solid, whilst the latter is 
capable of probing short-range order and provides great detail on the local chemical 
structure.  For example, SSNMR can detect differences in bond lengths and angles, local 
site geometries, as well as other inter- and intramolecular interactions.  SSNMR is also 
capable of characterizing amorphous compounds, and in turn, is able to differentiate 
polymorphs with disordered solid-state structures (or even mixtures of crystalline and 
amorphous substances).   
 13C SSNMR techniques have previously been used to analyze polymorphism in a 
range of pharmaceuticals, as well as for the determination of dynamical behavior and the 
analysis of amorphous phases.1, 26, 31-37  Multinuclear SSNMR studies of nuclides such as 
1H, 2H, 15N, 31P, 19F and 23Na have also played an important role in the structural 
elucidation of many common pharmaceuticals, as well as for the detection of 
polymorphism when 13C NMR spectra are ambiguous.38-44  Homo- and heteronuclear 
two-dimensional SSNMR spectroscopy has also been applied to the structural 
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characterization of pharmaceuticals for the purpose of determining the chemical bonding 
and molecular conformations.45-48   
 In our recent publications,49, 50 we demonstrated that 35Cl SSNMR spectroscopy is 
a powerful technique for the study of pharmaceuticals and their polymorphs, as either a 
complementary tool to powder XRD and 13C SSNMR, or as an independent source of 
structural data.  35Cl SSNMR can provide information on the number of chlorine sites, as 
well as identifying sites in amorphous and disordered samples or even impurity phases, 
and is particularly useful in cases where the 13C SSNMR spectra or powder XRD data are 
unable to clearly differentiate polymorphs.  Since HCl pharmaceuticals comprise ca. 50% 
of solid pharmaceuticals,51, 52 35Cl SSNMR is a logical choice for the analysis of APIs. 
 Chlorine has two NMR active isotopes, 35Cl and 37Cl.  They are both half-integer 
nuclear spin (I = 3/2), quadrupolar nuclei (Q(35Cl) = −0.082 × 10−28 m2 and Q(37Cl) = 
−0.065 × 10−28 m2).53, 54  Despite their high natural abundances (75.53% and 24.47% for 
35Cl and 37Cl, respectively) they are considered to be unreceptive nuclei due to their low 
gyromagnetic ratios.  SSNMR of 35Cl is preferred, due to its higher natural abundance, 
which corresponds to a higher receptivity.  The quadrupolar interactions of half-integer 
spin quadrupolar nuclei such as 35/37Cl are highly sensitive to local structural changes, 
which, in turn, are reflected in their SSNMR spectra.  Careful acquisition of 35/37Cl 
spectra of the central-transition (CT, +½ ↔ -½) powder pattern allows for accurate 
elucidation of the 35Cl electric field gradient (EFG) parameters, namely the quadrupolar 
coupling constant, CQ, and the asymmetry parameter, ηQ.  In addition, it is sometimes 
possible to also obtain the chemical shift (CS) tensor parameters, the isotropic shift, δiso, 
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the span, Ω, and skew, κ, which can also be correlated to structure.  Bryce and co-
workers reported a detailed study of HCl salts of amino acids using 35Cl SSNMR, 
demonstrating that this technique acts as an excellent structural probe for such systems.55-
57  In addition, they demonstrated the ability of 35Cl SSNMR to differentiate 
pseudopolymorphs of alkaline earth metal chlorides.58  We refer the reader to a number 
of reviews by Bryce et al. that discuss the many applications of 35Cl SSNMR.59-61  
 Due to recent advances in computational software and associated hardware, 
density functional theory (DFT) calculations of NMR interaction tensors are of increasing 
interest, aiding experimental NMR methods in structural elucidation and spectral 
assignment.  Recently, plane-wave methods capable of treating extended structures of 
periodic solids have been developed and widely deployed, such as the CASTEP62-65 
program which utilizes the gauge-including projector augmented wave algorithm 
(GIPAW).62  Theoretical NMR interaction tensors derived from calculations on periodic 
solids are of particular value for the study if solid polymorphs.   
 Due to the usefulness of 35Cl SSNMR and concomitant GIPAW DFT calculations 
of NMR interaction tensors for the characterization of chlorine-containing drugs, as well 
as their ability to aid in the differentiation of polymorphs, we are extending our previous 
research to include a variety of HCl pharmaceuticals.  Using magic-angle spinning 
(MAS) NMR, static wideline NMR and powder XRD, in conjunction with first principles 
DFT calculations, we present a comprehensive structural characterization for fourteen 
HCl APIs (Scheme 3.1).  We demonstrate that 35Cl SSNMR experiments can act as 
accurate and rapid probes of chlorine anion environments in APIs, even in cases where
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 crystal structures are not available.  We attempt to relate the 35Cl NMR tensor parameters 
to the local Cl− environments for several common HCl pharmaceuticals.  Finally, we 
propose to develop 35Cl SSNMR as a routine technique for the investigation of the many 
classes of pharmaceuticals, and for use as a rapid fingerprinting tool during drug 
processing and manufacture, which would be of great value for quality and assurance in 
the pharmaceutical industry.  
 
 
Scheme 3.1.   Schematic representations of (a) procainamide HCl (Proc), (b) dicyclomine HCl (Dicy), (c) 
alprenolol HCl (Alpr), (d) isoprenaline HCl  (Isop), (e) nylidrin HCl (Nyli), (f) dopamine HCl (Dopa), (g) 
bromhexine HCl (Brom), (h) isoxsuprine HCl (Isox), (i) scopolamine HCl (Scop), (j) aminoguanidine HCl 
(Amin), and (k) mexiletine HCl (Mexi). 
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3.2  Experimental 
3.2.1  Samples   
 Samples of Proc, Dicy, Alpr, Isop, Nyli, Dopa, Brom, Scop and Amin were 
purchased from Sigma Aldrich and used without further purification.  Details of the 
generation of polymorphs MexiI, MexiII and IsoxI are given in the Supporting 
Information.  
 
3.2.2  Solid-State NMR (9.4 T) 
 35Cl and 13C SSNMR experiments were performed on a Varian Infinity Plus NMR 
spectrometer with an Oxford 9.4 T (ν0(1H) = 399.73 MHz) wide bore magnet with 
ν0(35Cl) = 39.26 MHz and ν0(13C) = 100.52 MHz.  For 35Cl SSNMR experiments, all 
samples were packed into 5 mm outer diameter (o.d.) glass tubes and a 
Varian/Chemagnetics 5 mm HXY MAS probe was used for all experiments.  35Cl 
chemical shifts were referenced with respect to NaCl (s) (δiso = 0.00 ppm).57, 61 For 13C 
SSNMR experiments, all samples were packed into 4 mm o.d. zirconia rotors and a 
Varian/Chemagnetics 4 mm HX MAS probe was used for all experiments.  13C chemical 
shifts were referenced to tetramethylsilane (δiso = 0.00 ppm), using the high-frequency 
peak of adamantane as a secondary reference (δiso = 38.57 ppm). 
 35Cl NMR experiments were conducted using a Hahn-echo pulse sequence with a 
pulse delay of 0.5 s, and a π/2 pulse width between 1.75 and 7.00 μs (corresponding to an 
rf (ν1) between 36 and 143 kHz).  A proton decoupling field of ca. 50 kHz was used in all 
experiments.  In cases where NMR powder patterns are too broad to be uniformly excited 
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with a single, rectangular, high power pulse, spectra were acquired by stepping the 
transmitter frequency across the entire CT powder pattern in even increments, Fourier 
transforming the FID from each experiment, and co-adding the individual sub-spectra to 
produce the final powder pattern.66, 67 
 13C NMR spectra were acquired using the variable-amplitude cross-polarization 
(VACP/MAS) technique.  1H → 13C{1H} VACP/MAS experiments were performed on 
all samples and the TPPM68 decoupling sequence was employed with a proton 
decoupling rf power of ca. 63 kHz.  These experiments utilized π/2(1H) pulse width of 2.4 
μs (which corresponds to a rf of 104 kHz), a contact time between 1.0 and 5.0 ms, a pulse 
delay between 1.0 and 2.0 s, a spectral width of 50 kHz, and νrot of 9.5 and 13 kHz.  Full 
35Cl and 13C SSNMR experimental details can be found in the Supporting Information 
(Tables B1 – B8). 
  
3.2.3  Solid-State NMR (21.1 T) 
 High-field NMR experiments were performed on an ultra-wide bore 900 MHz 
(21.1 T) superconducting NMR magnet at the NHMFL in Tallahassee, Florida, for which 
ν0(35Cl) = 88.13 MHz.  For static 35Cl NMR experiments, samples were packed in a 
rectangular glass container (7.5 × 5 × 11 mm) and spectra were acquired using a low-E 
rectangular-flat coil HX probe.69  MAS experiments were performed on a home-built HX 
3.2 mm probe. 
 35Cl MAS and static NMR experiments were conducted using a Hahn-echo pulse 
sequence with a pulse delay of 1.0 s, π/2 pulse widths of 1.5 and 2.0 μs (which 
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correspond to rfs of 167 and 125 kHz, respectively), with no 1H decoupling applied.  
MAS NMR experiments employed a spinning speed of 22 kHz.  Additional experimental 
details are given in the Supporting Information. 
 Simulations of 35Cl solid-state NMR spectra were performed using the WSolids 
software package.70  The uncertainties in EFG and CS tensor parameters were estimated 
using bidirectional variation of parameters and comparison of experimental and simulated 
spectra. 
 
3.2.4  Powder XRD 
 The purity and crystal structures of all samples were confirmed using powder 
XRD.  Patterns were collected using a D8 DISCOVER X-ray diffractometer equipped 
with an Oxford Cryosystems 700 Cryostream Plus Cooler.  A Cu-Kα (λ = 1.54056 Å) 
radiation source with a Bruker AXS HI-STAR area detector running under the General 
Area Detector Diffraction Systems (GADDS) were used.  Powder XRD patterns were 
simulated with the PowderCell software package.71 
 
3.2.5  Theoretical Calculations 
 First principles calculations of EFG and NS tensor parameters were conducted on 
the Shared Hierarchical Academic Research Computing Network (SHARCNET) 
computer network.72  All calculations were performed on coordinates derived from 
reported crystal structures73-85 using the CASTEP62-65 code in the Materials Studio 5.0 
software suite which utilizes the gauge-including projector augmented wave algorithm 
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(GIPAW)62 for NMR calculations.  Calculations utilized the generalized gradient 
approximation (GGA), revised Perdew, Burke and Ernzerhof (rPBE) functional with on-
the-fly pseudopotentials, a k-point spacing of 0.08 Å, and a plane wave basis set cut-off 
energy of 500 eV.  Due to the general unreliability of proton positions determined from 
X-ray diffraction, all proton positions were geometry optimized within the CASTEP 
software package.62-65 Full geometry optimization of each structure was also completed, 
in which all atoms in the unit cell were allowed to vary. 
 
3.3  Results and Discussion 
3.3.1  General Overview 
 First, a general overview of the first principles DFT calculations of 35Cl NMR 
tensor parameters is presented.  35Cl SSNMR spectra of HCl pharmaceuticals are 
presented, along with detailed discussion of the EFG and CS tensor parameters obtained 
from analytical simulations of the 35Cl SSNMR spectra, and theoretically obtained 35Cl 
EFG tensor orientations.  The complexes are ordered by the number of short H···Cl 
contacts, as described in our previous work.50  Finally, the application of 35Cl SSNMR for 
the differentiation of pharmaceutical polymorphs is discussed.  
 All experimental and calculated 35Cl EFG and nuclear shielding (NS) tensor 
parameters, including the Euler angles which describe their relative orientations, are 
listed in Table 3.1.  All HCl pharmaceuticals are listed in Tables 3.2, 3.3 and 3.4 along 
with the type of hydrogen-bond contact and the length of each short hydrogen-bond 
contact, which is defined as a H···Cl distance of less than 2.6 Å.  It must be noted that the 
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precise proton positions are unknown for these systems, since the hydrogen atom 
positions derived from XRD data are unreliable (there are no neutron structures available 
for these APIs).  Hence, proton positions are geometry optimized within the software 
package used for the subsequent NMR calculations.  Also listed in Tables 3.2, 3.3 and 
3.4 are the NMR parameters, CQ, ηQ and δiso, for each of the relevant APIs.  Accurate 
determination of the CS tensor parameters was achieved by acquisition and simulation of 
static 35Cl powder patterns at both 21.1 T and 9.4 T.  For comparison, data from previous 
35Cl SSNMR studies of similar HCl compounds are also included for comparison.50 
 
3.3.2  Reliability of Plane-Wave DFT Calculations 
 Previous computational work on model clusters of HCl APIs demonstrated that 
restricted Hartree-Fock (RHF) molecular orbital (MO) calculations of 35Cl EFG tensors 
are in relatively good agreement with corresponding experimental NMR data.50, 56  MO 
calculations, unlike their GIPAW/plane-wave counterparts, do not take into account the 
three-dimensional periodicity inherent in the crystal lattice of a solid.  In order to emulate 
an extended array of atoms, a cluster approximation is used where the central Cl atom is 
chosen, a large cluster is constructed (beyond the traditional isolated molecular units 
normally treated with MO calculations), and large functional groups that are distant from 
the central Cl atom are replaced with hydrogen atoms or methyl groups (these are 
referred to as terminating groups).  The accuracy of the calculation is dependent on the 
size of the cluster, and how well this cluster acts as an approximation of the extended 
periodic structure.  The latter point is a very difficult and subjective one to judge, due to 
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the large number of variables involved in such calculations that influence their agreement 
with experimentally obtained data (i.e., long-range electrostatic interactions, appropriate 
positioning and identity of terminating groups, build up of excess positive/negative 
charges, etc.).  Furthermore, calculations on large clusters can be very computationally 
demanding, even with the use of locally dense basis sets. 
 Plane-wave computational methods do not rely upon the formation of localized 
MOs and do not require the construction of model clusters, nor the inclusion of special 
terminating groups.  Such calculations exploit the periodicity of solids, and enable effects 
like long-range electrostatic interactions to be taken into account.  This is particularly 
advantageous for the calculations of a variety of electrical properties for solid materials, 
including the EFG tensors localized at atomic positions.    
 In this study, plane-wave calculations were performed on model systems for all of 
the APIs, with the exception of Dicy and Nyli (the large number of atoms in their unit 
cells requires an enormous amount of physical memory, which is not available on our 
current hardware).  In all cases, molecular coordinates were obtained from single-crystal 
X-ray structures.73, 75-79, 81, 83-85  We have previously performed MO calculations on 
isolated cluster models of Mexi (site 1 and site 2) and Isox;50 herein, the results of plane-
wave DFT calculations on these systems are presented, along with calculations on model 
systems of the IsoxI (site 1 and 2) polymorph (vide infra).  As stated in the experimental 
section of this paper, we have conducted extensive calculations of 35Cl EFG tensors on 
two types of model systems for purposes of comparison: (i) proton positions optimized: 
fixed XRD coordinates were used for the heavy atoms and the proton positions were 
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geometry optimized and (ii) full geometry optimization: starting from the known X-ray 
structure, all atom positions in the unit cell were geometry optimized. 
 The calculated values of CQ for the proton-optimized models are generally in 
good agreement with experiment (R2 = 0.8115, Figure 3.1(a)), but significantly better 
agreement (R2 = 0.8783, Figure 3.1(b)) is observed for the fully optimized models.  
However, in both cases, the calculated values of CQ are consistently larger than their 
corresponding experimental values (Table 3.1).  A third possible structural model for 
such calculations is to use the fixed X-ray coordinates with no geometry optimization; 
however, given that the proton positions are not accurately determined, and that H···Cl 
hydrogen bonding interactions are the main determinants of the nature of the 35Cl EFG 
tensor, this model is not recommended.  In fact, in a series of test calculations on such 
models, there is very poor agreement between the experimental and calculated values of 
CQ (R2 = 0.4985, Figure B1(a)).  The EFG tensor parameters associated with the fully 
geometry optimized model structures are included for comparison with experimental data 
in Table 3.1. 
 For the proton-optimized structures, the calculated values of ηQ are in poor 
agreement with experimental (R2 = 0.6670).  However, the value of R2 increases 
significantly (R2 = 0.8286, Figures 3.1(c)) when Amin, which can be considered an 
outlier, is excluded.  Unfortunately, the calculated values of ηQ are in poor agreement 
with the corresponding experimental values for the fully optimized structures, as shown 
in Figures 3.1(d).  As for CQ, the correlation between the experimental and calculated 
values of ηQ is also poor for the non-optimized model (Figure B1(b)).
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  Table 3.1.  Experimental and theoretical 35Cl EFG and CS tensor parameters. 
  CQ (MHz) a ηQ b δiso (ppm) c Ω (ppm) d κ e α (°) β (°) γ (°) 
Dicy Exp. 5.80(5) 0.45(1) 52(4) 100(10) 0.00(20) 90(2) 10(1) 40(4) 
 Calc. f ---- ---- ---- ---- ---- ---- ---- ---- 
Nyli Exp. 5.20(10) 0.91(2) 70(15) 195(20) -1.00(20) 40(5) 40(6) 110(1) 
 Calc.  f ---- ---- ---- ---- ---- ---- ---- ---- 
Scop Exp. 3.82(3) 0.99(1) 0(4) 50(4) -1.00(30) 90(9) 0(10) 0(6) 
 Calc. 5.90 0.93 28 81 -0.30 220 5 155 
Brom Exp. 5.80(3) 0.04(1) 85(5) 90(10) 0.00(10) 0(20) 0(2) 0(23) 
 Calc. -7.63 0.26 116 126 0.14 324 27 108 
Alpr Exp. 5.25(2) 0.87(1) 60(1) 88(2) 0.00(20) 80(2) 97(2) 0(1) 
 Calc. 6.42 0.96 75 142 0.09 76 90 321 
Isop Exp. 5.30(5) 0.930(4) 73(4) 90(3) -1.00(10) 20(1) 5(1) 0(1) 
 Calc. 7.63 0.88 82 128 0.45 109 84 168 
Proc Exp. 4.25(5) 0.52(2) 50(2) 60(10) 0.00(20) 72(6) 5(5) 1(1) 
 Calc. -5.17 0.85 90 127 -0.64 26 75 22 
Dopa Exp. 5.10(14) 0.74(18) 33(7) 50(14) 0.00(50) 30(3) 0(5) 0(2) 
 Calc. -7.30 0.52 83 94 0.32 191 28 246 
Amin Exp. 2.0(2) 0.76(4) 50(3) 55(5) 0.45(15) 40(4) 70(2) 35(10) 
 Calc. 3.37 0.38 92 84 -0.15 144 75 216 
 
 
 
The electric field gradient (EFG) tensor is described by three principal components such that |V33| ≥ |V22| ≥ |V11|.  a 
CQ = eQV33/h.  The sign of CQ cannot be determined from direct observation of the NMR spectrum of a quadrupolar 
nucleus, but is provided by theoretical methods; b ηQ = (V11 – V22)/V33.  The chemical shift (CS) tensor is described 
by three principal components such that δ11 ≥ δ22 ≥ δ33.  δjj = (σiso,ref − σjj)(106)/(1 − σiso,ref) ≈ σiso,ref − σjj, where jj = 
11, 22, 33.  σiso,ref corresponds to the reference nuclear shielding, 971.22 ppm for 35Cl, determined from calculations 
on NaCl.  c δiso = (δ11 + δ22 + δ33)/3;  d Ω = δ11 – δ33; e κ = 3(δ22 – δiso)/Ω.  f Unable to obtain theoretical NMR tensor 
parameters due to large unit cell sizes and limited computational resources 
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 It is very possible that the generally better agreement between experimental and 
theoretical values of CQ, and poorer agreement for concomitant values of ηQ, stems from 
the fact that the former relies only upon the accurate calculation of a single component of 
the EFG tensor (V33), while the latter depends upon the accurate calculation of the 
relative values of all three components (V11, V22, V33).  This is a regular finding for all of 
the 35Cl DFT calculations presented herein, and is consistent with other DFT calculations 
in the literature.86 
Figure 3.1. Correlation between experimental and calculated values of (a,b) CQ and (c, d) ηQ.  All 
calculations were completed using CASTEP.  Calculations in (a) and (c) were performed post geometry 
optimization of the hydrogen positions.  Calculations in (b) and (d) were performed post geometry 
optimization of the whole structure.  The solid line is the line of best fit for the plotted points and the 
dashed line represents perfect correlation. 
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 Unfortunately, the theoretical NS tensor parameters exhibit even poorer 
correlation with experiment, (Figures B2, B3, and B4), suggesting that plane-wave 
methods may not provide adequate chlorine NS tensor predictions for HCl APIs.  We 
have recently shown50 that whereas some useful correlations are found between the 35Cl 
EFG tensor parameters and the local chlorine anion structural environments, no similar 
trends have been found for the chlorine CS tensor parameters.  Therefore, for the 
remainder of this work, discussion of the results of these calculations focuses mainly 
upon the theoretically derived 35Cl EFG parameters and tensor orientations. 
   
3.3.3  A system with one short H···Cl contact: Dicyclomine HCl (Dicy) 
 The crystal structure of Dicy has a single chlorine site in the asymmetric unit, 
which is involved in one short hydrogen contact of the form R3NH+···Cl (Table 3.2).  The 
35Cl SSNMR spectra of Dicy (Figure 3.2) are indicative of a single chlorine site, 
consistent with the crystal structure.  Analytical simulations of the spectra, acquired at 
both 9.4 and 21.1 T, reveal 35Cl EFG and CS tensor parameters that are similar to those of 
previously studied systems, including Adip, Bufl, Tetr and Trig (which also have single 
Cl− sites, Table 3.2).  The only exception is the value ηQ: for systems with one short 
H···Cl contact, ηQ is typically close to zero (Table 3.2); however, in the case of Dicy, ηQ 
has an intermediate value of 0.45, indicating a non-axially symmetric 35Cl EFG tensor. 
 We have recently shown49, 50 that for one-contact HCl APIs, the value of CQ 
increases with decreasing H···Cl contact distance (Table 3.2) The CQ values of Dicy and 
Bufl are equal, within experimental error, owing to the fact that they contain one H···Cl
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Table 3.2.  Short H···Cl contacts and experimentally determined 35Cl SSNMR parameters    
for HCl pharmaceuticals with one and two close H···Cl contacts.a 
close contact from the same type of moiety (R3NH+) and very similar H···Cl contact 
distances (Table 3.2).  It must be noted that one-contact systems give rise to the largest 
absolute magnitudes of CQ, as in the case of trigonelline HCl (CQ = 7.50 MHz)50 and 
aspartic acid HCl (CQ = 7.1 MHz),87 both of which contain a short H···Cl contact 
involving a carboxylic acid moiety.  The unusual value of ηQ for Dicy may be indicative 
of an intermolecular interaction that induces the non-axial EFG tensor; however, because 
of the large unit cell, and memory issues which prevent us from conducting a proper 
plane wave calculation of the EFG tensor, we can only speculate about the origin of the 
non-axial EFG tensor.  Finally, for Dicy, as for other one-contact systems, the Euler angle
Compound Contact Typeb H···Cl Contacts 
(Å)c  
CQ (MHz) ηQ δiso (ppm) 
Dicy R3NH+···Cl 1.963 5.80(5) 0.45(1) 52(4) 
Adip50 R3NH+···Cl 2.037 5.94(6) 0.18(3) 128(5) 
Bufl50 R3NH+···Cl 1.951 5.67(13) 0.18(6) 75(10) 
Tetr49 R3NH+···Cl 1.899 6.00(10) 0.27(4) 71(6) 
Trig50 ROOH···Cl 1.878 7.50(12) 0.05(3) 70(10) 
Nyli ROH···Cl 1.974 5.20(10) 0.91(2) 70(15) 
 R2NH2+···Cl 2.094    
Scop ROH···Cl 2.101 3.82(3) 0.99(1) 0(4) 
 R3NH+···Cl 2.111    
Brom R3NH+···Cl 2.020 5.80(3) 0.04(1) 85(5) 
 RNH2···Cl 2.278    
Rani50 R3NH+···Cl 2.017 4.70(10) 0.92(3) 75(5) 
 R2NH···Cl 2.208    
Lidu49 R3NH+···Cl 1.995 4.67(7) 0.77(3) 100(4) 
 HOH···Cl 2.246    
Dibu site 150 R3NH+···Cl 2.010 4.65(20) 0.86(7) 105(15) 
 R2NH···Cl 2.361    
Mexi site 150 RNH3+···Cl 2.013 5.45(10) 0.40(8) 90(5) 
 RNH3+···Cl 2.103    
a Definitions of EFG and CS tensor parameters are given in Table 1.  Values highlighted in grey are from 
previous work (see references 49 and 50 for further details).  b Indicates the functional group contributing 
to the H···Cl short contacts (i.e., RNH3+ signifies a positively charged ammonium type hydrogen contact 
and ROH indicates an alcohol hydrogen contact).   c  The shortest H···Cl contacts (< 2.6 Å) as determined 
via energy minimization and geometry optimization with DFT plane wave calculations (see the 
experimental section for details). 
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 β is close to zero,50 indicating that the largest component of the EFG tensor, V33, is 
almost coincident with the largest component of the CS tensor, δ33. 
  
3.3.4  Systems with two short H···Cl contacts: Nylidrin HCl (Nyli), Scopolamine HCl 
(Scop) and Bromhexine HCl (Brom) 
 The crystal structures of Nyli, Scop and Brom reveal single chlorine sites, each 
involved in two close H···Cl contacts, as shown in Table 3.2.  The 35Cl SSNMR spectra 
of these compounds (Figure 3.3(a), 3.3(b) and 3.3(c)) indicate a single chlorine site, 
consistent with their respective structures.  
  Nyli has a value of CQ which is comparable to those of other two-contact 
systems, and smaller in comparison to those for one-contact systems.50  Nyli also has a 
value of ηQ near unity, also in agreement with previous results for two-contact systems.50  
Interestingly, the CQ associated with Scop is much lower than the other systems involving 
two hydrogen contacts, and its δiso (0 ppm, Table 3.2) is the lowest chemical shift of all 
the HCl APIs studied to date.  However, the value of ηQ is near unity, consistent with 
previous results 50 for two-contact system.  Finally, the CQ of Brom has a larger absolute
Figure 3.2. 35Cl SSNMR spectra of Dicy shown in black, corresponding analytical simulations are 
shown in red.  Spinning sidebands denoted by *. 
113 
 
 value than is expected for systems with two short H···Cl contacts, and an ηQ close to 
zero, distinguishing itself from other two-contact systems (Table 3.1). 
 The theoretical 35Cl EFG tensor orientation of Scop reveals that V33, the largest 
component of the EFG tensor, is approximately perpendicular to the plane of the two 
close H···Cl contacts, whereas V11 is in the plane, bisecting the angle between them.  The 
orientation of V22 is directed 36° away from the shortest NH···Cl contact, as seen in 
Figure 3.4(a).  For Brom, V22 is approximately perpendicular to the plane formed by the
Figure 3.3. 35Cl SSNMR spectra of (a) Nyli, (b) Scop, and (c) Brom.  Experimental spectra shown in 
black, corresponding analytical simulations are shown in red.  Spinning sidebands denoted by *. 
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 two close contacts (similar to Dibu (site 1) and Mexi),50 V11 bisects the angle formed by 
the two closest contacts, and V33 is oriented near to the direction of the closest hydrogen 
contact (∠(V33-Cl-H) = 16.14°), (Figure 3.4(b)).  At first sight, the tensor orientations 
appear to be distinct (notably the perpendicular V33 and V22 components in Scop and 
Brom, respectively).  However, the calculated signs of CQ tell a different story (note, that 
the signs cannot be determined from the 35Cl SSNMR spectra).  In Scop, the sign of CQ is 
positive, meaning that V33 is also positive.  However, in Brom, CQ is negative, and since 
the trace of the EFG tensor is zero, this means that V22 is positive (also found for Dibu 
(site 1) and Mexi).50  Therefore, although the principal components of the largest 
magnitudes possess different directionalities, components of the same sign are 
consistently oriented in similar directions.  This is consistent with our previous work, 
where it was found that V33 is invariably negative when oriented near the direction of a 
Figure 3.4.  35Cl EFG tensor orientations of (a) Scop and (b) Brom.  The short (< 2.6 Å) chlorine-
hydrogen contacts are shown in red, and longer contacts are marked with dashed lines.  Hydrogen 
atoms greater than 3.0 Å from the chlorine anion have been deleted for clarity. 
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short H···Cl contact or in the H···Cl···H plane, and that V33 (or other principal 
components) are positive when oriented perpendicular to the H···Cl···H plane. 
 It seems that the local geometry, in particular, the distance of the closest contact, 
that influences the tensor orientation and magnitudes of the principal components of the 
EFG tensor.  For Scop, the shortest H···Cl contact distances are greater than 2.1 Å which 
results in a smaller value of CQ.  In addition, the calculated value of CQ is positive which 
is a consequence of V33 oriented approximately perpendicular to the H-Cl-H plane formed 
by the shortest H···Cl contacts.  In contrast, the closest H···Cl contact in Brom is less than 
2.1 Å and V33 is oriented toward this contact and negative.  Therfore, Brom could be 
classified as a one-contact system because of the large value of CQ and η close to zero. 
 
3.3.5  Systems with three short H···Cl contacts: Alprenolol HCl (Alpr), Isoprenaline 
HCl (Isop), and Procainamide HCl (Proc) 
 The chlorine anions in Alpr, Isop and Proc are involved in three short hydrogen 
contacts. (Table 3.3).  The 35Cl SSNMR spectra reveal central transition powder patterns 
corresponding to single chlorine sites in each case (Figure 3.5(a), 3.5(b) and 3.5(c)).  
The values of CQ for Alpr and Isop (5.25 and 5.30 MHz, respectively) are slightly larger 
than values previously reported (Table 3.3) for similar three-contact systems with H···Cl 
contacts to both OH and NH groups, such as Aceb and Lhis.50  Simulations of the 35Cl 
SSNMR spectra for Proc reveal a value of CQ equal to 4.25 MHz. 
 The theoretical 35Cl EFG tensor orientation for Alpr reveals that V22 is directed 
close to the shortest H···Cl contact, V11 approximately bisects the angle formed by the 
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Table 3.3.  Short H···Cl contacts and experimentally determined 35Cl SSNMR parameters 
for HCl pharmaceuticals with three close H···Cl contacts.a 
other two hydrogen close contacts, and V33 is perpendicular to the approximate plane 
(sum of the three H-Cl-H bond angles = 313°, where 360° signifies perfect planarity) 
formed by the three H···Cl bonds (Figure 3.6(a)).  The orientations of V22 and V33 in Isop 
are similar to that of Alpr such that V22 is directed toward the shortest H···Cl contact and 
V33 is perpendicular to the approximate plane (345°) formed by the three H···Cl contacts; 
however, the orientation of V11 is different as it is directed closer to a short OH···Cl 
Compound Contact Typeb H···Cl Contacts 
(Å)c 
CQ / MHz ηQ δiso / ppm 
Alpr R2NH2+···Cl 2.036 5.25(2) 0.87(1) 60(1) 
 R2NH2+···Cl 2.159    
 ROH···Cl 2.250    
Isop ROH···Cl 2.044 5.30(5) 0.930(4) 73(4) 
 ROH···Cl 2.105    
 R2NH2+···Cl 2.105    
Proc R3NH+···Cl 2.008 4.25(5) 0.52(2) 50(2) 
 R2NH···Cl 2.294    
 RNH2···Cl 2.356    
Aman50 RNH3+···Cl 2.117 2.90(4) 0.68(3) 131(5) 
 RNH3+···Cl 2.122    
 RNH3+···Cl 2.182    
Lcme55 RNH3+···Cl 2.101 2.37(1) 0.81(3) 48.2(7) 
 RNH3+···Cl 2.110    
 RNH3+···Cl 2.239    
Aceb50 ROH···Cl 2.103 4.57(5) 0.50(4) 95(5) 
 R2NH2+···Cl 2.110    
 R2NH2+···Cl 2.267    
Lhis87,d RNH3+···Cl 2.168 4.59(3) 0.46(2) 93(1) 
 RNH3+···Cl 2.212    
 HOH···Cl 2.227    
Dibu site 250 R3NH+···Cl 1.928 4.00(20) 0.93(7) 95(15) 
 HOH···Cl 2.111    
 R2NH···Cl 2.254    
a Definitions of EFG and CS tensor parameters are given in Table 1.  Values highlighted in grey are 
from previous work (see references 50, 55, and 87 for further details).  b Indicates the functional 
group contributing to the H···Cl short contacts (i.e., RNH3+ signifies a positively charged ammonium 
type hydrogen contact and ROH indicates an alcohol hydrogen contact).  c  The shortest H···Cl 
contacts (< 2.6 Å) as determined via energy minimization and geometry optimization with DFT plane 
wave calculations (see the experimental section for details).  d The proton positions were obtained 
from neutron diffraction data. 
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contact, as shown in Figure 3.6(b).  The tensor orientations for Proc are distinct in 
comparison to Alpr and Isop.50  In Proc, V33 is directed toward the shortest NH···Cl 
contact ((∠(V33-Cl-H ) = 14.83°), V11 is oriented towards the longest contact, and V22 is 
nearly perpendicular to the approximate plane (356°) formed by the three H···Cl contacts, 
as shown in Figure 3.6(c).  What most likely accounts for the distinct tensor orientation 
in Proc is that there is one contact which is substantially shorter than the other two (which 
is not the case for Alpr and Isop), and it is towards this contact that V33 is oriented (i.e., 
the tensor orientation in Proc is more like that of a typical one-contact system).  It is
Figure 3.5. 35Cl SSNMR spectra of (a) Alpr, (b) Isop and (c) Proc. Experimental spectra shown in 
black, corresponding analytical simulations are shown in red.  Spinning sidebands denoted by *. 
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difficult to make a direct comparison to Aceb, which has similar quadrupolar parameters 
and a negative CQ, due to its unusual arrangement of contacts, which has V33 directed 
near both short NH···Cl and OH···Cl contacts.  As in the case of the two-contact systems 
discussed earlier, the sign of CQ is positive for Alpr and Isop (where V33 is perpendicular 
to the approximate planes of three contact protons), and negative for Proc and Aceb 
Figure 3.6.  35Cl EFG tensor orientations of (a) Alpr, (b) Isop and (c) Proc.  The short (< 2.6 Å) 
chlorine-hydrogen contacts are shown in red, and longer contacts are marked with dashed lines.  
Hydrogen atoms greater than 3.0 Å from the chlorine anion have been deleted for clarity.   
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(where V33 is directed near the shortest contact, and V22, which is positive, is directed 
approximately perpendicular to the plane formed by the NH···Cl···HN bonds).  Again, as 
in the case of the two contact systems, principal components of the EFG tensor that are 
large and negative are directed near the directions of short contacts, and those that are 
large and positive are directed perpendicular to planes of these atoms.  Hence, the EFG 
tensors are not really “changing” in orientation from system to system, but rather, the 
relative magnitudes of the large positive and negative principal components are 
alternating as V22 and V33, depending upon the relative distances of the short contacts 
from the chlorine anions. 
 The increased values of CQ for both Alpr and Isop compared to all of the other 
three-contact systems are most likely influenced by the geometrical arrangement of the 
hydrogen contacts around the chlorine anions.  Both Alpr and Isop have a single H···Cl 
contact distance less than 2.05 Å and another of less than 2.16 Å, unlike all of the other 
systems.  In addition, Alpr and Isop have H···Cl contacts with different functional groups, 
but possess the similar values of CQ (within experimental error).  The chlorine anion site 
in Proc is coordinated in a similar manner to other three-contact systems like Aman and 
Lcme, but the former possesses a notably larger CQ than the latter two systems.  Again, 
the distinguishing feature seems to be a single short contact in the former (near 2.0 Å), 
with contact distances in the latter being greater than 2.1 Å.  This collection of results for 
all of the three-contact systems that have been studied with 35Cl SSNMR implicates the 
contact distance as one of the most important factors influencing the EFG tensor 
orientation. 
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 Although there are many structural factors which might contribute to the nature of 
the EFG tensor, including contact distances, local geometry, hydrogen donor acidity, etc., 
it seems that the only simple trend which can be identified is the aforementioned 
relationship between the shortest H···Cl distance and the absolute magnitude of CQ.  To 
summarize, the lowest values of CQ are found in three-contact systems where all 
hydrogen donors are of the type RNH3+: i.e., Aman and Lcme.  The value of CQ is 
substantially larger when there are a mix of OH and NH donors and/or a single short 
contact distance less than 2.1 Å (Alpr, Isop, Proc, Aceb).  We stress the difficulty of 
comparison to systems involving H2O as a donor species (Dibu2, Lhis), since the precise 
proton positions cannot be accurately determined, and the proton mobility is expected to 
be distinct from that of fixed organic moieties. 
 
3.3.6  Systems with four or more short H···Cl contacts: Dopamine HCl  (Dopa) and 
Aminoguanidine HCl (Amin)   
 The structures of Dopa and Amin have five and six H···Cl close contacts (Table 
3.4), respectively, and once again, there is a single chlorine resonance in the 35Cl SSNMR 
spectra (Figure 3.7(a) and 3.7(b)).  Dopa has a much larger CQ than Amin, but a similar 
value of ηQ. 
 The quadrupolar parameters of Dopa are similar to those of three-contact systems 
like Alpr and Isop, and the four-contact Treo, all of which have multiple OH and NH 
contacts.  In addition, the shortest H···Cl contact for all of these systems is near 2.00 Å, 
presumably accounting for the large values of CQ in each case.  The largest component of
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Table 3.4.  Short H···Cl contacts and experimentally determined 35Cl SSNMR parameters 
for HCl pharmaceuticals with four or more close H···Cl contacts. a 
 the EFG tensor, V33, is directed toward the shortest H···Cl contact ((∠(V33-Cl-HO) = 
15.67°), similar to many HCl systems with larger values of CQ.49, 50  V22 is directed 
toward a different short hydrogen contact, and V11 bisects the angle formed by two of the 
five short hydrogen contacts, as shown in Figure 3.8(a). 
 Of all of the APIs studied via 35Cl SSNMR, Amin has the greatest number of 
short H···Cl contacts with distances of less than 2.6 Å, as well as the lowest measured 
value of CQ to date (the second smallest is that of Lcme, CQ = 2.37 MHz, which has three
Compound Contact Type b H···Cl Contacts 
(Å) c  
CQ 
(MHz) 
ηQ δiso (ppm) 
Dopa ROH···Cl 2.096 5.10(14) 0.74(18) 33(7) 
 RNH3+···Cl 2.174    
 ROH···Cl 2.178    
 RNH3+···Cl 2.234    
 RNH3+···Cl 2.264    
Amin RNNH···Cl 2.208 2.0(2) 0.76(4) 50(3) 
 RNH2···Cl 2.297    
 NNH2···Cl 2.347    
 NNH2···Cl 2.381    
 RNH2+···Cl 2.389    
 RNH2···Cl 2.562    
Mexi site 250 RNH3+···Cl 2.101 3.10(10) 0.55(10) 130(5) 
 RNH3+···Cl 2.121    
 RNH3+···Cl 2.307    
 RNH3+···Cl 2.355    
Isox50 R2NH2+···Cl 2.146 5.50(15) 0.25(5) 120(10) 
 ROH···Cl 2.171    
 ROH···Cl 2.183    
 R2NH2+···Cl 2.402    
Treo87 ROH···Cl 1.998 5.4(1) 0.94(2) 99(10) 
 RNH3+···Cl 2.189    
 ROH···Cl 2.202    
 RNH3+···Cl 2.227    
a Definitions of EFG and CS tensor parameters are given in Table 1.  Values highlighted in grey are 
from previous work (see references 50 and 88 for further details).  b Indicates the functional group 
contributing to the H···Cl short contacts (i.e., RNH3+ signifies a positively charged ammonium type 
hydrogen contact and ROH indicates an alcohol hydrogen contact).  c  The shortest H···Cl contacts (< 
2.6 Å) as determined via energy minimization and geometry optimization with DFT plane wave 
calculations (see the experimental section for details). 
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 RNH3+···Cl contacts).55  The close H···Cl contacts in Amin only involve NH moieties, 
and not surprisingly, the low value of CQ is similar to those for systems that have 
multiple H···Cl close contacts involving only NH containing moieties, such as Lcme,55 
Aman,50 and Mexi site 2.50  There are six short H···Cl contacts in Amin; however, unlike 
Dopa, there is no short contact with a distance less than 2.2 Å.  Perhaps unsurprisingly, 
V33 is not directed near a short H···Cl contact, but rather, points into areas where no 
nearby protons are present (Figure 3.8(b)), with V11 and V22 approximately bisecting two 
H···Cl close contacts.
Figure 3.7. 35Cl SSNMR spectra of (a) Dopa and (b) Amin.  Experimental spectra shown in black, 
corresponding analytical simulations are shown in red.  Spinning sidebands denoted by *. 
123 
 
3.3.7  Correlation of chlorine environments and EFG tensor parameters  
 Considering the systems discussed above, there are several trends in the NMR 
tensor parameters that can be correlated to the structure of the local chlorine environment. 
 1. We have recently shown that for chlorine anions with only one close hydrogen 
contact, the value of CQ increases as the H···Cl distance decreases.  Also, the value of ηQ 
is close to zero (with the exception of Dicy), indicating that V33 is directed along the 
direction of the shortest contact and that the EFG tensors are near to axial symmetry 
(cluster and plane wave calculations are in agreement with this conclusion).  The 
calculated value of CQ is invariably negative due to the orientation of V33 directed along 
the direction of the shortest contact.   Furthermore, the Euler angle β is close to zero in 
systems involving one short hydrogen contact.50   
 2. In systems where the chlorine anion has two close hydrogen contacts, the value 
of CQ is generally lower than those observed for one-contact systems, and ηQ is typically 
Figure 3.8.  35Cl EFG tensor orientations of (a) Dopa and (b) Amin.  The short (< 2.6 Å) chlorine-
hydrogen contacts are shown in red, and longer contacts are marked with dashed lines.  Hydrogen 
atoms greater than 3.0 Å from the chlorine anion have been deleted for clarity. 
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high, approaching unity.  The value of CQ appears to be highly dependent on the 
geometry of the hydrogen donor moieties.  In particular, systems with single short 
contacts tend to have larger values of CQ, with the largest values found in systems with 
two very short contacts.  The EFG tensor orientation is relatively consistent among all of 
these systems, with one of V22 or V33 oriented near the shortest contact, and the other 
approximately perpendicular to the H-Cl-H plane.  The only exception is Brom, which 
has a low ηQ, and V33 oriented near the shortest H···Cl, reminiscent of a one-contact 
system. 
 3. For three H···Cl contact systems, the lowest values of CQ are found in systems 
containing solely NH+···Cl donor moieties.  Higher values of CQ occur in systems with 
mixed OH and NH moieties and/or at least one short H···Cl distance less than 2.1 Å.  This 
latter characteristic is shared in common with the two-contact systems. 
 4. For systems with four or more contacts, similar relationships as those described 
for three-contact systems are observed. 
  5. The sign of CQ, which cannot be determined from direct observation of 
SSNMR spectra of quadrupolar nuclei, but can be obtained via theoretical calculations 
from EFG tensor parameters, is clearly related to two distinct possibilities for 35Cl EFG 
tensor orientations.   In systems possessing a single distinct short contact distance of ca. 
2.1 Å or less, the principal component that is oriented along/near the direction of the 
contact is negative.  For example, in Proc, Brom and Dopa, V33 is directed near the 
shortest contact, and for all of these systems, the CQ is predicted to be negative (meaning 
that V33 is negative and V22 is positive and not oriented near a short contact).  However, in 
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Alpr, Isop and Scop, V33 is directed perpendicular to the direction of the shortest contact, 
and the CQ is predicted to be positive (meaning that V22, which is negative, is nearest to 
the shortest contact).   The CQ is predicted to be negative for almost every system with 
measured values greater than 4.25 MHz and single, short contact distances of ca. 2.1 Å or 
later, and is predicted to be positive for systems with no short contacts and/or exclusively 
having NH moieties involved in close contacts less than 2.6 Å. 
 6. Finally, for all of the APIs, there are no obvious trends that correlate the CS 
tensor parameters to the local structures of the chlorine anion environments.  However, 
we strongly emphasize that accurate determination of the CS tensor parameters is crucial 
for the differentiation and fingerprinting of different HCl species, and prove to be 
extremely important for polymorph recognition (vide infra). 
 
3.3.8  Application to polymorphism in HCl pharmaceuticals 
 In this section, we examine the application of 35Cl SSNMR for the identification, 
differentiation and fingerprinting of structural polymorphs.  We examine two systems 
that we previously investigated with 35Cl SSNMR: Isox and Mexi.  We compare the 
information that is extracted from 35Cl SSNMR with conventional techniques, including 
13C SSNMR and powder XRD.  It is noted that crystal structures are available for most of 
these systems and their polymorphs; hence, new polymorphs are not being identified, but 
rather, we are exploring the limits of information available from the other aforementioned 
analytical techniques that are often applied when single crystal XRD structures are 
unavailable. 
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 Isoxsuprine HCl (Isox). The crystal structure of Isox has one chlorine atom in the 
asymmetric unit that is involved in four short hydrogen contacts (two Cl···HO and two 
Cl···HN, Table 3.5).  The 35Cl SSNMR spectra of Isox are shown in Figure 3.9(a).  The 
CQ is relatively large (5.50 MHz) for a system with four H···Cl close contacts, likely 
owing to the mixture of OH and NH hydrogen bond donors, as discussed previously.  
IsoxI is a polymorph of Isox which is generated by recrystallization from methanol (see 
Appendix B for experimental details).79  IsoxI has two distinct chlorine sites, both 
involved in four short H···Cl contacts from NH- and OH-type moieties (Table 3.5).  The 
static 35Cl SSNMR spectrum (9.4 T) of IsoxI clearly reveals two, overlapping chlorine 
powder patterns (Figure 3.9(b)).  Site 1 has a broader central transition pattern, a larger 
CQ, a slightly higher ηQ, and a smaller span in comparison to site 2.  Site 2 and the lone 
Cl− site in Isox, which have similar four-contact environments, also share very similar 
quadrupolar parameters.  This could lead one two believe that the IsoxI sample is simply 
a mixture of two different crystalline samples (i.e., in the absence of single crystal XRD 
data).  However, there are two pieces of evidence that prove that this is not the case: (i) 
the CS tensor parameters are very different, with the former having much larger span and 
distinctly lower isotropic chemical shift, and (ii) the pXRD patterns for each sample are 
completely distinct (Figure B6).  This highlights, especially in light of the CS tensor 
data, how 35Cl SSNMR can be utilized as a standalone or complementary technique, to 
differentiate and fingerprint polymorphs. 
 The calculated 35Cl EFG and NS tensor parameters, obtained after full geometry 
optimization of the structures, are given in Table 3.6 for Isox and IsoxI sites 1 and 2.  In 
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 Table 3.5.  Short H···Cl contacts and experimentally determined 35Cl SSNMR 
parameters for HCl pharmaceutical polymorphs. a 
Compound Contact Type b H···Cl 
Contacts (Å) c 
CQ (MHz) ηQ δiso (ppm) 
Isox ROH···Cl 2.137 5.50(15) 0.25(5) 120(10) 
 R2NH2+···Cl 2.139    
 ROH···Cl 2.168    
 R2NH2+···Cl 2.383    
IsoxI site 1 R2NH2+···Cl 2.087 6.5(1) 0.36(2) 80(3) 
 ROH···Cl 2.153    
 ROH···Cl 2.182    
 R2NH2+···Cl 2.255    
IsoxI site 2 R2NH2+···Cl 2.117 5.6(1) 0.33(1) 80(4) 
 ROH···Cl 2.121    
 ROH···Cl 2.191    
 R2NH2+···Cl 2.420    
Mexi site 1 RNH3+···Cl 1.996 5.45(10) 0.40(8) 90(5) 
 RNH3+···Cl 2.058    
Mexi site 2 RNH3+···Cl 2.123 3.10(10) 0.55(10) 130(5) 
 RNH3+···Cl 2.138    
 RNH3+···Cl 2.318    
 RNH3+···Cl 2.342    
MexiI d ---- ---- 1.99(10) 0.62(3) 55(4) 
MexiII d, e ---- ---- ---- ---- ---- 
Isox, V33 is oriented such that it is approximately perpendicular to the pseudo-plane 
formed by the four close H···Cl contacts, whereas V11 and V22 are directed near two of the 
four close hydrogen contacts ((∠(V11-Cl-H) = 6.66°, ∠(V22-Cl-H) = 15.80°)), as depicted 
in Figure 3.10(a).  For IsoxI site 1, V33 is approximately perpendicular to the plane 
formed by the four close hydrogen contacts, and V22 and V11 approximately bisect two of 
the four short hydrogen contacts, as shown in Figure 3.10(b).  IsoxI site 2 has a similar 
EFG tensor orientation to that of Isox I (Figure 3.10(c)).
  a Definitions of EFG and CS tensor parameters are given in Table 1.  b Indicates the functional group 
contributing to the H···Cl short contacts (i.e., RNH3+ signifies a positively charged ammonium type 
hydrogen contact and ROH indicates an alcohol hydrogen contact).  c  The shortest H···Cl contacts (< 2.6 Å) 
as determined via energy minimization and geometry optimization with DFT plane wave calculations (see 
the experimental section for details).  d  No crystal structure available.  e Accurate determination of the 35Cl 
NMR parameters via analytical simulation is not possible due to the broad and featureless 35Cl powder 
pattern. 
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 The 13C → 1H VACP/MAS NMR spectra of Isox and IsoxI (Figure B7) display 
only subtle differences on a fine chemical shift scale, perhaps allowing for the accurate 
fingerprinting of these polymorphs, provided that identical experimental conditions are 
met (i.e., match powers, contact times, recycle delays, etc.).32, 88-90  Although the pXRD 
patterns (Figure B6) and the 1H → 13C VACP SSNMR (Figure B7) are distinct for that 
of Isox and IsoxI, they offer little information regarding the differences in local structure 
observed between the two polymorphs.  In particular, it is not trivial to determine the 
number of crystallographically distinct chlorine sites from these data sets, together or 
independently.  For this purpose, the 35Cl SSNMR data is clearly superior. 
 Mexiletine HCl.  Of the six known polymorphs of Mexi, there is currently only 
one known crystal structure.91  Comparison of the simulated pXRD pattern for this crystal
Figure 3.9.  35Cl SSNMR spectra of (a) Isox and, (b) IsoxI.  Experimental spectra shown in black, 
corresponding analytical simulations are shown in red.  Spinning sidebands denoted by *. 
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 Table 3.6.  Experimental and theoretical 35Cl EFG and CS tensor parameters for HCl pharmaceutical polymorphs. a 
  CQ (MHz) ηQ δiso (ppm) Ω (ppm) κ α (°) β (°) γ (°) 
Isox Exp. 5.50(15) 0.25(5) 120(10) 50(20) 0.50(40) 40(20) 55(15) 20(20) 
 Calc. 6.75 0.17 104 52 0.32 50 50 173 
IsoxI site 1 Exp. 6.5(1) 0.36(2) 80(3) 120(6) -0.50(20) 50(4) 90(3) 150(5) 
 Calc. 8.60 0.34 112 46 0.62 285 65 166 
IsoxI site 2 Exp. 5.6(1) 0.33(1) 80(4) 175(20) 0.00(15) 60(5) 30(2) 90(4) 
 Calc. 7.02 0.31 102 46 0.51 282 52 205 
Mexi site 1 Exp. 5.45(10) 0.40(8) 90(5) 80(20) -0.80(20) 40(30) 100(20) 0 
 Calc. 7.23 0.29 77 109 -0.81 26 78 10 
Mexi site 2 Exp. 3.10(10) 0.55(10) 130(5) 75(20) 0.80(20) 10(10) 5(5) 0 
 Calc. 3.03 0.86 102 74 0.75 264 88 131 
MexiI b Exp. 1.99(10) 0.62(3) 55(4) 30(3) -0.30(10) 92(5) 45(3) 50(10) 
 Calc. ---- ---- ---- ---- ---- ---- ---- ---- 
MexiII b, c Exp. ---- ---- ---- ---- ---- ---- ---- ---- 
 Calc. ---- ---- ---- ---- ---- ---- ---- ---- 
  
 
 
a Definitions of EFG and CS tensor parameters are given in Table 1.  b no crystal structure available.  c Accurate determination of 
the 35Cl NMR parameters via analytical simulation is not possible due to the broad and featureless 35Cl powder pattern. 
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structure to the pattern measured in our laboratory reveals that the crystal structure 
corresponds to that reported by Sivy et al. (Figure B8).84  The crystal structure of Mexi 
has two chlorine sites: site 1 has two NH···Cl contacts, while site 2 has four NH···Cl 
contacts (Table 3.5).  35Cl SSNMR spectra of Mexi (Figure 3.11(a)) reveal two distinct 
powder patterns corresponding to the crystallographically distinct chlorine sites.  The 
pattern with the larger CQ is readily assigned to site 1, since the NH···Cl contacts are very 
short in comparison to those of site 2 (this assignment is borne out by calculations, vide
Figure 3.10.  35Cl EFG tensor orientations of (a) Isox, (b) IsoxI site 1, and (c) IsoxI site 2.  The short (< 2.6 
Å) chlorine-hydrogen contacts are shown in red, and longer contacts are marked with dashed lines.  
Hydrogen atoms greater than 3.0 Å from the chlorine anion have been deleted for clarity. 
131 
 
 infra).  Site 1 also has a lower isotropic chemical shift and distinct skew in comparison 
to site 2. 
 We have generated two polymorphs of Mexiletine HCl: MexiI and MexiII (see 
Appendix B for experimental details).  There are currently no known crystal structures 
for these two polymorphs; however, pXRD patterns of these samples are distinct from 
each other and that of Mexi (Figure B8). 
 The 35Cl SSNMR spectra of MexiI are shown in Figure 3.11(b) (see Figure B9 
for expanded views), and are strikingly different from those of Mexi (notably, in their 
breadths).  The 35Cl MAS NMR spectrum at 21.1 T (Figure 3.11(b)) does not display any 
spinning sidebands, due to a combination of a small CQ and a small Ω.  Further 
inspection of the this spectrum reveals an increased intensity in the low frequency horn 
Figure 3.11.  35Cl SSNMR spectra of (a) Mexi and (b) MexiI.  Experimental spectra shown in black, 
corresponding analytical simulations are shown in red. 
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and a decreased intensity in the high frequency horn, as well as a characteristic ‘tail’ 
occurring to low frequency, which may indicate some degree of long-range disorder.  The 
low value of CQ (1.99 MHz) for MexiI gives rise to a number of insights: (i) there is no 
short contact distance less than 2.2 Å; (ii) there are likely not any oxygen-containing 
moieties involved in hydrogen bonding, since low values of CQ measured in these 
systems are associated with three or more short contacts involving only NH···Cl 
interactions (e.g., Aman, Lcme and Amin). 
 The 35Cl static powder pattern of MexiI at 21.1 T (Figure 3.11(b)) is relatively 
featureless, and clearly does not display any of the usual features associated with a 
central transition powder pattern of a half-integer spin quadrupolar nucleus.  However, 
the same pattern at 9.4 T (Figure 3.11(b)) is dominated by the second-order quadrupolar 
interaction, displaying clearly recognizable second-order features.  The magnitudes of CQ 
and Ω are small and comparable (when assessed in Hz), with the quadrupolar interaction 
dominating the low field spectrum, and the CSA dominating the high field spectrum 
(since the breadth of the central transition scales as the reciprocal of the field strength for 
the former, and proportional to the field strength for the latter).  We note that one can 
observe some of the effects of CSA in the 9.4 T spectrum, manifested as a splitting of one 
of the discontinuities (Figure B9). 
 The broad and featureless 35Cl SSNMR pattern of MexiII (9.4 T) is even more 
surprising, bearing no resemblance to a conventional second-order quadrupolar powder 
pattern (Figure 3.12).  Hence, accurate determination of its 35Cl NMR parameters via 
analytical simulation is not possible.  The pattern appears to be indicative of a chlorine
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 site of high spherical symmetry and high mobility, a highly disordered system, or 
completely amorphous sample.   The pXRD pattern of MexiII (Figure B8(c)) has very 
sharp peaks indicative of long-range ordering (crystallinity), indicating that the sample 
cannot be completely amorphous; however, this data does not reveal if the chlorine anion 
is perhaps contained within a separate amorphous phase.  Further structural 
characterization of this polymorph, and the potential investigation of chlorine anion 
dynamics, was subverted by the thermodynamic instability of the polymorph (it reverted 
back to Mexi after only 6 hours).  In particular, 35Cl SSNMR spectra could not be 
acquired offsite at 21.1 T at the National High Magnetic Field Laboratory in Tallahassee, 
FL.  We intend to commit future time and experiments to preparing the samples at the 
NHMFL so that experiments can be conducted within the appropriate time frame. 
 The calculated chlorine EFG and NS tensor parameters, obtained post full 
geometry optimization of the structure, are given in Table 3.6 for Mexi.  For site 1, V33 is 
approximately perpendicular to the plane formed by the two close hydrogen contacts and 
V11 bisects the H contacts.  V22 is directed toward one of the two close contacts, as 
depicted in Figure 3.13(a).  With respect to Mexi site 2, V11 approximately bisects two of
Figure 3.12.  Static 35Cl NMR spectra (9.4 T) of MexiII. 
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 the four H···Cl contacts and V22 is directed towards one of the close H contacts (Figure 
3.13(b)).   As there are no crystal structures available for MexiI and MexiII, it is not 
possible at this time to calculate their EFG and NS tensor parameters.  Techniques 
capable of predicting new phases and structures have been developed which may show 
promise in predicting unknown crystal structures for HCl pharmaceutical polymorphs, for 
example, the ab initio Random Structure Searching (AIRSS) algorithm.92-94 
 The 13C → 1H VACP/MAS NMR spectra and pXRD patterns for Mexi and its 
polymorphs (Figure B10) are useful in their differentiation, but again, provide little detail 
on specific structural differences.  By contrast, the 35Cl SSNMR spectra of Mexi and the 
corresponding polymorphs are clearly distinct from one another, demonstrating that 
Mexi, MexiI and MexiII have distinct structures.  The EFG tensor parameters also 
provide insight into both the number and nature of the Cl− environments.  This data, in 
conjunction with the information obtained other methods, should prove useful in 
Figure 3.13.  35Cl EFG tensor orientations of (a) Mexi site 1 and (b) Mexi site 2.  The short (< 2.6 Å) 
chlorine-hydrogen contacts are shown in red, and longer contacts are marked with dashed lines.  
Hydrogen atoms greater than 3.0 Å from the chlorine anion have been deleted for clarity. 
135 
 
refinement of crystal structures, as well as rapid and precise fingerprinting and 
differentiation of polymorphs. 
 
3.4  Conclusions   
 HCl pharmaceuticals have been studied via 35Cl SSNMR spectroscopy at 9.4 T 
and 21.1 T.  Some general relationships regarding the magnitude of CQ and nature of 
H···Cl bonding have been established.  The value of CQ is dependent upon the contact 
length for systems with one H···Cl close contact.  For pharmaceuticals with two hydrogen 
contacts, the value of CQ seems to depend on the local geometry of the close H···Cl 
contacts.    For systems with three or more contacts, the absolute magnitude of the value 
of CQ is larger for systems with one or more contacts of ca. 2.1 Å and/or a mix of NH and 
OH moieties involved in hydrogen bonding, and smaller for systems for which such 
contacts are absent and/or are comprised solely of NH hydrogen bonding moieties. 
 Values of CQ garnered from plane wave DFT calculations are generally in good 
agreement with experimentally determined parameters; the best agreement is found for 
model systems in which all of the atoms (heavy atoms as well as protons) have been 
geometry optimized.  However, poorer correlation is consistently observed between 
calculated and experimental values of ηQ, as well as the 35Cl NS tensor parameters.  Our 
calculations also revealed that when the sign of CQ is negative, the largest component of 
the EFG tensor, V33, is almost always found to be oriented near the direction of the 
shortest H···Cl contact. 
136 
 
 We have also demonstrated that 35Cl SSNMR is an excellent spectroscopic 
technique for the differentiation of HCl pharmaceutical polymorphs, as each polymorph 
has a unique 35Cl SSNMR spectral ‘fingerprint’, and can aid in identifying the number of 
magnetically distinct chlorine sites (in this respect, 35Cl SSNMR spectra are far superior 
to their 13C counterparts, which may be used as fingerprints, but are usually somewhat 
more ambiguous for purposes of structural refinement).  Our work also shows some 
promise for the identification of the number of nearest short H···Cl contacts and types of 
surrounding moieties, though more work on a larger variety of samples must be 
completed before this becomes a simple routine practice.  Finally, differentiation of HCl 
polymorphs which are non-crystalline or amorphous, or contained within samples with no 
longer-range order is feasible using 35Cl SSNMR, a clear advantage over pXRD methods. 
 We believe this work establishes 35Cl SSNMR as both a standalone and 
complementary technique for the identification, differentiation and fingerprinting of 
polymorphs of HCl pharmaceuticals.  Of course, techniques such as pXRD and 13C 
SSNMR must be used in concert with 35Cl SSNMR to unambiguously characterize such 
systems.  This work continues the construction of a database of 35Cl SSNMR data for 
HCl pharmaceuticals, which may find use with new computational routines, that will 
enable the methods outlined herein to be routinely utilized in the pharmaceutical industry 
as a method of characterizing HCl pharmaceuticals and their associated polymorphs.   
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Chapter 4 
 
General Conclusions and Future Work 
 
 A variety of 27Al SSNMR techniques, in conjunction with DFT calculations, was 
found to be effective at acquiring valuable structural information for MAO and the active 
polymerization catalyst, Cp2ZrMe2/MAO.  It is clear that the 27Al NMR experiments and 
DFT calculations are invaluable for shedding light on the nature of the Al sites in the 
cage-like MAO structures, and show great potential for identification of the nature of 
interactions between MAO and the metallocene species.  However, this work has shown 
that the origin of “Site C” in the activated catalyst must be determined by synthesizing 
the activated complex and acquiring the SSNMR spectra in a timely fashion, due to the 
transient nature of the adduct. 
 Further structural insight into the nature of MAO/metallocene interactions may be 
realized by utilizing heteronuclear correlation (HETCOR) experiments to determine if the 
Cp2ZrMe2/MAO active catalyst is an ion pair.  Deuterium SSNMR studies, utilizing 
Cp2Zr(CD3)2 activated by MAO, could be useful in probing the dynamics of the system 
as well as determination of the role that the methyl groups of Cp2Zr(CD3)2 play in the 
activated catalyst.  It is postulated that MAO may contain residual TMA. TMA possesses 
a three-coordinate aluminum centre; such centres typically have very large values of CQ, 
some in excess of 40 MHz.  The presence of free (i.e., unbound) TMA in MAO may be 
difficult to study via SSNMR due to the extreme broadening of the central transition 
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NMR pattern, along with further broadening resulting from the absence of long-range 
order.  This is exacerbated by the fact that the %wt of the TMA in such samples is likely 
very low.  Although the presence of free TMA in bulk MAO or adducts was not 
determined in this study, it may be possible to identify such species via nuclear 
quadrupole resonance (NQR), which is an amenable characterization technique for nuclei 
with large quadrupole coupling constants (provided that a priori knowledge of the 
quadrupolar parameters can be reliably obtained from first principles calculations). 
 35Cl SSNMR was found to be a sensitive probe of the structure of solid HCl 
pharmaceuticals, with subtle differences in the Cl anion environments resulting in distinct 
sets of EFG and CS tensor parameters for every system studied to date.  It is shown that 
good agreement between experimental and calculated EFG tensor parameters is achieved 
through the use of plane-wave DFT calculations.  In addition, calculated EFG tensor 
orientations give insight into the origin of the EFG tensor parameters, and should prove 
extremely beneficial for structural prediction in systems with hitherto unknown 
structures.  35Cl SSNMR can act as a complementary technique to 13C SSNMR and 
pXRD, or as a standalone technique, for the unambiguous differentiation of HCl 
pharmaceutical polymorphs and means of identifying the number and nature of the 
anionic chlorine sites. 
 In order to fully explore the changes in the 35Cl EFG tensor parameters that are 
associated with the different Cl structural environments, further 35Cl SSNMR 
experiments need to be performed on a variety of HCl pharmaceuticals.  In particular, 
structural trends for APIs which involve short contacts between Cl anions and H2O are 
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still elusive, and should be further studied.  Hydrobromide (HBr) pharmaceutical salts are 
also prevalent and 79Br SSNMR experiments may also provide an interesting means of  
characterizing and differentiating HBr polymorphs.  Signal enhancement via 1H → 35Cl 
CP experiments could also be beneficial for reducing experimental times at standard (9.4 
T) magnetic field strengths, and also lend insight into the proximities of certain 
functionalities involved in hydrogen bonding (due to the distance dependence inherent in 
CP experiments arising from the dipolar interactions).  Predicting unknown crystal 
structures for HCl pharmaceutical polymorphs, via the ab initio Random Structure 
Searching (AIRSS) algorithm, also shows promise to aid in both the polymorph screening 
process and for the determination or refinement of crystal structures of polymorphs that 
are currently unknown. 
 SSNMR experiments on quadrupolar nuclei have again been shown to be 
extremely sensitive probes of local nuclear environments, as even small variations these 
environments are reflected in the EFG and CS tensor parameters.  Furthermore, SSNMR 
has been shown to be effective in structural elucidation of molecular compounds when 
crystal structures are not available.  It is hoped that this work inspires further research 
into the application of SSNMR for the characterization of a diverse array of materials 
containing quadrupolar nuclei. 
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Appendix A 
 
Supporting Information - Multinuclear NMR Spectroscopy of Methylalumoxane: Solid 
Forms of the Co-catalyst and Metallocene Adducts 
 
A.1  Supporting Experimental Information 
 
A.1.1  Experimental Parameters for SSNMR Experiments 
 
 
 
            Table A1.  Details of Compounds A - G 
Compound Formula 
A MAO 
B Cp2ZrMe2/5MAO 
C Cp2ZrMe2/10MAO 
D Cp2ZrMe2/15MAO 
E Cp2ZrMe2/20MAO 
F MAO exposed to an ambient atmosphere 
G Cp2ZrMe2/5MAO exposed to an ambient atmosphere 
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Table A2.  SSNMR Acquisition parameters for static 27Al spectra (9.4 T) 
 
A B C D E F 
Pulse sequence WURST-
QCPMG 
WURST-
QCPMG 
WURST-
QCPMG 
WURST-
QCPMG 
WURST-
QCPMG 
WURST-
QCPMG 
Number of 
scans 
1800 1800 1800 1800 1800 1800 
Recycle delay 
(s) 
4.0 4.0 4.0 4.0 4.0 4.0 
Meiboom-Gill 
loops [N] 
 
12 12 12 12 12 12 
Real points per 
loop 
200 200 200 200 200 200 
Acquisition 
length 
(number of 
points) 
 
2400 2400 2400 2400 2400 2400 
Dwell (μs) 2.0 2.0 2.0 2.0 2.0 2.0 
Sweep of 
WURST pulse 
(kHz) 
 
1000 1000 1000 1000 1000 1000 
Sweep rate of 
WURST pulse 
(MHz/ms) 
 
20 20 20 20 20 20 
Spectral width 
(kHz) 
500 500 500 500 500 500 
WURST pulse 
width (μs) 
50 50 50 50 50 50 
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Table A3.  SSNMR Acquisition parameters for static 27Al spectra (21.1 T) 
 
A B C D E G 
Pulse sequence Echo Echo Echo Echo Echo Echo 
Number of 
scans 
352 192 240 240 240 96 
Recycle delay 
(s) 
1.0 4.0 4.0 4.0 4.0 4.0 
Dwell (μs) 1.0 1.0 1.0 1.0 1.0 1.0 
Spectral width 
(kHz) 
500 500 500 500 500 500 
Acquisition 
length 
(number of 
points) 
 
512 512 512 512 512 512 
90° pulse 
width [π/2] 
(μs) 
 
0.63 0.63 0.63 0.63 0.63 0.63 
180° pulse 
width [π] (μs) 
 
1.26 1.26 1.26 1.26 1.26 1.26 
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Table A4.  SSNMR Acquisition parameters for MAS 27Al spectra (21.1 T) 
 
A B C D E G 
Pulse sequence Echo Echo Echo Echo Echo Echo 
Number of 
scans 
320 112 320 224 256 96 
Recycle delay 
(s) 
1.0 4.0 4.0 4.0 4.0 4.0 
Dwell (μs) 0.625 0.625 0.625 0.625 0.625 0.625 
Spectral width 
(kHz) 
800 800 800 800 800 800 
Acquisition 
length 
(number of 
points) 
 
2048 1024 1024 1024 1024 2048 
90° pulse 
width [π/2] 
(μs) 
 
0.63 0.63 0.63 0.63 0.63 0.63 
180° pulse 
width [π] (μs) 
 
1.26 1.26 1.26 1.26 1.26 1.26 
Spinning 
speed (Hz) 
31250 31250 31250 31250 31250 31250 
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Table A5.  SSNMR Acquisition parameters for 1H → 13C VACP spectra (9.4 T) 
 
A B C D E F 
1H π/2 pulse 
widths (μs) 
2.4 2.4 2.4 2.4 2.4 2.4 
Hartmann-
Hahn 
matching 
fields (kHz) 
 
54 54 54 54 57.9 48.5 
Number of 
scans 
556 692 1044 1004 1304 1344 
Recycle delay 
(s) 
4.0 4.0 4.0 4.0 4.0 2.0 
Dwell (μs) 25 25 25 25 25 25 
Spectral width 
(kHz) 
40 40 40 40 40 40 
Acquisition 
length 
(number of 
points) 
 
1024 1024 1024 1024 512 1024 
Contact time 
(ms) 
2.5 2.5 2.5 2.5 2.5 2.5 
1H decoupling 
fields (kHz) 
 
62.5 62.5 62.5 62.5 52.6 52.6 
Spinning 
speed (Hz) 
9500 9500 9500 9500 10500 5000 
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Table A6.  SSNMR Acquisition parameters for MAS 1H spectra (9.4 T) 
 
A B C D E F 
Pulse sequence Bloch 
decay 
Bloch 
decay 
Bloch 
decay 
Bloch 
decay 
Bloch 
decay 
Bloch 
decay 
Number of 
scans 
24 24 24 24 84 82 
Recycle delay 
(s) 
4.0 4.0 4.0 4.0 4.0 4.0 
Dwell (μs) 10 10 10 10 10 10 
Spectral width 
(kHz) 
100 100 100 100 100 100 
Acquisition 
length 
(number of 
points) 
 
2048 2048 512 512 1024 1024 
90° pulse 
width [π/2] 
(μs) 
 
2.4 2.4 2.4 2.4 2.4 2.4 
Spinning 
speed (Hz) 
9500 10000 10000 10000 12500 12500 
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Table A7.  SSNMR Acquisition parameters for static 91Zr spectra (21.1 T) 
 
B 
Pulse sequence WURST-QCPMG 
Number of scans per sub-
spectrum 
20480 
Number of sub-spectra acquired 9 
Transmitter offset per piece 
(kHz) 
175.44 
Recycle delay (s) 0.5 
Number of Meiboom-Gill loops 
[N] 
25 
Acquisition length (number of 
points) 
5744 
Dwell (μs) 0.5 
Sweep of WURST pulse (kHz) 1000 
Sweep rate of WURST pulse 
(MHz/ms) 
33 
Spectral width of sub-spectra 
(kHz) 
1000 
WURST pulse width (μs) 30 
 
 
 
 
 
 
 
 
 
155 
 
Table A8.  SSNMR Acquisition parameters for 27Al MQMAS spectra (21.1 T) 
 
A B 
Number of scans 8400 20160 
Recycle delay (s) 0.5 0.5 
Dwell (μs) 2.0 2.0 
Spectral width (kHz) 250 250 
Acquisition length 
(number of points) 
2048 2048 
Spinning speed (Hz) 31250 31250 
Number of rows 16 16 
t1 increment (μs) 32 32 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
156 
 
A.1.2  DFT Calculations of 27Al EFG Tensor Parameters 
 
 
Table A9.  Calculated 27Al EFG tensor parameters for MAO (proposed structures) 
Structure 
Geometry of “Faces” 
Surrounding the Al 
Nucleusa 
CQ (MHz) ηQ 
1 
SSS −24.199 0.013 
SSS −24.199 0.011 
SSS −24.185 0.012 
SSS −24.210 0.005 
    
2 
SSH −20.557 0.764 
SSH −20.560 0.766 
SSH −20.543 0.774 
SSH −20.630 0.770 
SSH −20.634 0.760 
SSH −20.668 0.757 
    
3 
SHH −17.738 0.614 
SSS −24.263 0.002 
SHH −17.848 0.616 
SSH −23.214 0.221 
SSH −23.302 0.206 
SSH −23.286 0.230 
SHH −17.801 0.618 
    
4 
SSO 20.893 0.835 
SSO 20.930 0.820 
SSO 20.870 0.836 
SSO 21.012 0.814 
SSO 20.831 0.844 
SSO 20.870 0.846 
SSO 20.784 0.844 
SSO 20.950 0.840 
    
5 
SSS −24.651 0.220 
SSO −22.432 0.350 
SSO −22.413 0.336 
SSO −22.426 0.353 
SOO −15.215 0.896 
SOO −15.202 0.905 
SSO −22.322 0.328 
SSS −24.681 0.211 
    
6 
SSH −21.501 0.595 
SHH −17.898 0.688 
SSH −21.531 0.602 
SHH −17.830 0.693 
SSH −21.560 0.597 
SHH −17.811 0.695 
SHH −17.918 0.691 
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SSH −21.576 0.602 
    
7 
SSH −21.519 0.490 
SHH −18.412 0.628 
SHH −18.335 0.637 
SHH −18.267 0.629 
SHH −18.489 0.618 
SHH −18.391 0.632 
SSH −21.685 0.482 
SHH −18.492 0.621 
SSH −21.508 0.502 
    
8 
SSO −20.455 0.853 
SSH −21.034 0.794 
SSO −20.365 0.850 
SHO −17.019 0.753 
SHO −16.813 0.772 
SHH −18.775 0.560 
SHH −18.661 0.570 
SHH −19.024 0.410 
SSS −24.380 0.006 
    
9 
SSO −20.041 0.862 
SSH −20.741 0.811 
SSH −20.722 0.812 
SHO 17.284 0.781 
SHO 17.158 0.786 
HHH −15.433 0.042 
SSH −23.401 0.216 
SSH −23.324 0.214 
SSO −21.671 0.175 
    
10 
SSH −21.705 0.636 
SHH −18.240 0.651 
SSH −21.723 0.648 
SHH −17.827 0.661 
HHH −15.306 0.258 
HHH −15.257 0.284 
SHH −17.586 0.657 
SHH −18.005 0.631 
SSH −21.656 0.623 
SSH −21.797 0.637 
    
11 
SSH −21.918 0.505 
SSO 20.733 0.867 
SSO 20.214 0.956 
SSO 20.011 0.989 
SSO 20.784 0.857 
SSH −21.795 0.536 
SHO −17.215 0.677 
SHO −17.308 0.663 
SHO 16.101 0.823 
SHO 16.515 0.822 
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12 
SSH −21.522 0.658 
SHH −17.922 0.741 
SHH −17.630 0.663 
SHO −16.946 0.866 
SSO −20.379 0.832 
SHH −17.625 0.694 
SHH −18.243 0.716 
SSH −21.362 0.667 
SSO −20.515 0.832 
SHO −17.111 0.860 
    
13 
SSO −20.110 0.956 
SSO 21.180 0.915 
SSO 29.576 0.986 
SHO −16.978 0.926 
SHO −16.403 0.973 
SHO −16.492 0.902 
SHH −18.680 0.688 
SHH −18.590 0.668 
SHO −16.516 0.921 
SSO −21.011 0.674 
SSH −21.467 0.565 
    
14 
SHO −17.886 0.678 
SSH −21.735 0.411 
SHH −18.525 0.587 
HHH −15.542 0.165 
SSH −21.524 0.707 
SHO 17.013 0.844 
SSH −21.942 0.452 
SHH −19.184 0.442 
SHH −17.656 0.654 
SSO −20.883 0.818 
SHO −17.355 0.743 
    
15 
SHH −18.553 0.436 
SSH −21.961 0.491 
HHH −15.417 0.080 
SHH −18.597 0.453 
SHH −18.622 0.632 
SHH −17.147 0.773 
SHH −18.507 0.696 
SHH −18.866 0.430 
SHH −18.616 0.628 
SHH −17.021 0.782 
SSH −21.881 0.499 
    
16 
SHO −17.909 0.641 
SSH −21.829 0.496 
SSO −20.872 0.748 
SHH −19.186 0.367 
SHH −18.911 0.491 
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SHH −17.998 0.483 
SHO −17.051 0.856 
SHH −18.251 0.703 
SHH 16.444 0.922 
HHH −15.770 0.058 
SHH −18.031 0.657 
SSH −21.107 0.671 
    
17 
SSO −20.532 0.880 
SSH −21.673 0.671 
SHH −17.637 0.477 
SSO −20.669 0.775 
SHH −18.018 0.633 
SHO −17.530 0.779 
SSH −21.462 0.567 
SHH −18.429 0.679 
HHO −15.155 0.078 
SHH −19.080 0.463 
SHH −19.380 0.489 
HHH −15.019 0.227 
    
18 
SHH −18.292 0.646 
SSO −20.690 0.820 
SHO −17.683 0.875 
SSH −21.606 0.736 
SHH −18.635 0.645 
HHH −15.164 0.048 
SSH −21.725 0.587 
SHH −19.019 0.390 
SHO −17.969 0.651 
HHH −15.230 0.207 
SHO −16.342 0.946 
SSH −22.102 0.529 
    
19 
SHO 16.030 0.951 
SHO 15.892 0.987 
SHO −17.453 0.678 
SSH −21.680 0.540 
SHO −17.186 0.706 
SSH −21.974 0.503 
SSH −21.861 0.526 
SHO −17.146 0.704 
SHO −17.497 0.669 
SSH −21.727 0.546 
SHO 15.961 0.923 
SHO −16.114 0.989 
    
20 
SHH −17.859 0.746 
SHH −18.136 0.715 
SHH −18.199 0.692 
SHH −18.875 0.697 
SHH −18.220 0.675 
SHH −17.451 0.797 
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SHH −17.944 0.714 
SHH −17.969 0.699 
SHH −17.708 0.775 
SHH −18.324 0.717 
SHH −17.697 0.743 
SHH −17.535 0.718 
    
21 
SSH −21.714 0.604 
SSH −21.782 0.621 
SSO −20.082 0.974 
SHH −18.929 0.851 
SHH −17.862 0.689 
HHO −14.824 0.217 
HHO −15.222 0.229 
SSO 20.346 0.962 
SHO 18.018 0.713 
SSO 20.985 0.826 
SHO 15.640 0.622 
SSO 20.781 0.901 
    
22 
SSO 20.658 0.928 
HHO −14.748 0.112 
SHH −18.147 0.689 
SSH −22.134 0.529 
SSO 20.347 0.938 
SHO 15.411 0.978 
SSH −22.320 0.394 
SHO −18.123 0.478 
SSO −20.214 0.997 
SHO −16.292 0.942 
SHH −20.271 0.275 
HHO −16.402 0.731 
    
23 
SHO −17.426 0.664 
SSH −23.497 0.470 
SHO 16.836 0.901 
SHO −16.910 0.579 
SHO −16.875 0.570 
SSH −21.715 0.541 
SHO −17.155 0.697 
HHO −12.372 0.659 
SSH −21.836 0.560 
SHO 16.537 0.871 
SSO −20.313 0.915 
SSH −22.198 0.482 
    
24 
SHO −17.721 0.676 
SSO −20.688 0.809 
SSH −21.429 0.667 
SHH −18.348 0.646 
SHH −18.116 0.645 
SSH −21.597 0.640 
SHH −18.357 0.585 
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SHH −18.092 0.529 
SSH −21.970 0.587 
HHO −14.839 0.332 
SHO −16.556 0.560 
HHH −15.162 0.394 
    
25 
SOO −16.347 0.866 
SOO −16.629 0.813 
SSO −20.055 0.994 
SSO −20.495 0.753 
SSO −20.631 0.732 
SSH −21.914 0.544 
SHO −17.498 0.683 
SHO 15.824 0.847 
SSH −22.031 0.518 
SHO 15.848 0.895 
SHO −17.219 0.704 
SSO −20.170 1.000 
    
26 
HHO −14.444 0.288 
SHO −18.696 0.556 
SSO −20.479 0.824 
SHH −18.449 0.573 
SSH −21.409 0.715 
HHO −14.525 0.227 
SHO 16.189 0.973 
SSH −21.679 0.704 
SSO −21.312 0.741 
SSH −22.066 0.302 
SHH −17.575 0.543 
SHO 22.558 0.630 
SHO −16.995 0.864 
    
27 
SHO −17.550 0.744 
SSO −20.455 0.889 
SSH −21.421 0.746 
SHH −18.202 0.500 
HHH −15.443 0.209 
SHH −17.236 0.742 
SHH −18.524 0.633 
SSH −22.045 0.459 
SHH −17.768 0.617 
SHH −18.759 0.340 
SHH −18.939 0.633 
HHO −14.828 0.119 
SHO −17.293 0.454 
    
28 
SHO −18.590 0.537 
SSH −21.350 0.675 
SSO −20.822 0.785 
SSH −21.780 0.437 
SSH −22.105 0.431 
SHO −18.492 0.615 
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SHO −17.783 0.655 
SHO −17.292 0.808 
HHO −14.680 0.210 
SHO 16.919 0.854 
SHH −19.530 0.411 
SHO −17.830 0.551 
SHH −18.256 0.625 
    
29 
SHH −19.392 0.375 
SSH −21.903 0.470 
HHH −15.339 0.283 
SHH −19.174 0.604 
SHH −17.993 0.653 
SHH −18.766 0.489 
SHH −19.110 0.596 
SHH −18.694 0.481 
HHH −15.308 0.095 
SSH −21.786 0.505 
HHH −14.900 0.232 
SHH −18.414 0.467 
SHH −17.787 0.509 
    
30 
HHO −14.685 0.252 
SSO −20.729 0.737 
SHO 18.614 0.861 
SSO −20.821 0.881 
SSH −21.312 0.650 
SHH −18.383 0.634 
SHH −18.815 0.662 
SHH −17.531 0.549 
SSH −21.543 0.750 
SHO −16.383 0.833 
SHH −17.605 0.712 
HHO −15.302 0.193 
SHO −16.427 0.681 
SHO −17.293 0.858 
    
31 
HHH −15.513 0.404 
HHH −15.547 0.412 
HHH −13.469 0.236 
SSH −21.717 0.628 
SSH −21.581 0.637 
HHH −13.439 0.288 
SSH −21.551 0.644 
SSH −21.633 0.633 
HHH −15.399 0.414 
HHH −15.497 0.402 
SHH −18.685 0.619 
SHH −18.629 0.650 
SHH −18.765 0.620 
SHH −18.698 0.660 
    
32 SHO −16.701 0.817 
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SSH −21.324 0.641 
SHO −17.770 0.595 
SHH −18.351 0.571 
HHO −15.618 0.148 
SSO −20.265 0.812 
SHO −17.726 0.596 
SSH −21.338 0.634 
SSO −20.221 0.816 
HHO −15.654 0.128 
SHO −16.715 0.816 
SHH −16.715 0.816 
SHH −18.965 0.401 
SHH −19.111 0.398 
    
33 
SSO 20.509 0.949 
HHO −14.115 0.208 
HHO −13.815 0.322 
SHH −19.099 0.650 
SSH −21.439 0.731 
SHO 16.579 0.848 
SSO −20.297 0.979 
SSO −21.295 0.706 
SHO −16.178 0.984 
SSO −20.195 0.992 
SHO 14.652 0.852 
SSH −22.347 0.420 
SOO −17.782 0.566 
SHO 20.076 0.949 
    
34 
SHH −18.363 0.695 
SHH −18.763 0.489 
SHH −18.130 0.524 
HHH −18.173 0.575 
HHH −14.919 0.140 
SSH −22.128 0.536 
HHH −15.088 0.095 
SHH −17.771 0.731 
SHH −18.108 0.678 
SHH −18.593 0.660 
SHH −17.601 0.756 
SHH −18.194 0.470 
HHH −15.086 0.266 
SHH −18.861 0.470 
    
35 
SHH −18.072 0.689 
SHH −18.117 0.693 
SHH −17.326 0.570 
SHH −17.474 0.562 
SHH −17.916 0.656 
HHH −15.079 0.282 
SHH −17.953 0.526 
SHH −18.539 0.640 
SHH −18.248 0.483 
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SHH −18.487 0.493 
SHH −18.063 0.670 
HHH −15.618 0.286 
HHH −16.155 0.267 
SHH −18.052 0.522 
SHH −18.575 0.646 
    
36 
SHH −18.187 0.696 
HHH −14.947 0.332 
SHH −18.213 0.489 
SHH −18.701 0.398 
HHH −15.557 0.202 
SHH −17.606 0.566 
SHH −18.354 0.488 
SHH −18.951 0.637 
SHH −18.229 0.514 
SHH −18.106 0.519 
SHH −18.151 0.541 
SHH −17.708 0.748 
SHH −19.324 0.352 
HHH −16.781 0.027 
SHH −17.025 0.570 
HHH −15.230 0.287 
aEach aluminum site is located at the junction of three possible geometrical 
faces: square (S), hexagonal (H), and octagonal (O).  The TZ2P basis set was employed 
on all atoms and the CS tensor parameters were not calculated. The sign of CQ cannot be 
determined experimentally, however, it is possible to determine this information using 
DFT calculations.  CQ depends on the orientation of V33, the largest component of the 
EFG tensor. The sign of CQ provides information on whether V33 is increasing or 
decreasing in magnitude as the distance from the nucleus increases or, more simply, 
whether V33 is oriented towards an area of high or low electron density.  In consideration 
of these arguments, the calculated values of CQ shown in Figures 2.7(b) and 2.7(c) are 
given as absolute values only.  All calculations were performed with ADF. References 
and explanations of the basis set labels can be found in the main text. 
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A.1.3  Supplementary Figures and SSNMR Spectra 
 
 
 
 
 
Figure A1.  Cage structure of (AlOMe)6•TMA predicted by DFT calculation.1  Methyl 
groups not relevant to this study have been omitted for clarity. 
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Figure A2.  27Al WURST-QCPMG SSNMR spectra of MAO (9.4 T) generated using (a) 
Fourier transformation of the QCPMG echo train in the time domain and (b) co-addition 
of the individual echoes in the time domain followed by Fourier transformation. 
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Figure A3.  13C VACP/MAS spectra of compounds A – F at 9.4 T.  Asterisks denote 
spinning sidebands.  Samples and spinning speeds are: (A) MAO, 9.5 kHz (B) 
Cp2ZrMe2/5MAO, 9.5kHz (C) Cp2ZrMe2/10MAO, 9.5 kHz (D) Cp2ZrMe2/15MAO, 9.5 
kHz (E) Cp2ZrMe2/20MAO, 10.5 kHz (F) MAO exposed to an ambient atmosphere, 5 
kHz.  Bold, underlined text indicates 13C resonance assignment. 
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Figure A4.  1H MAS spectra of compounds A – F at 9.4 T.  Asterisks denote spinning 
sidebands.  Samples and spinning speeds are: (A) MAO, 9.5 kHz (B) Cp2ZrMe2/5MAO, 
10 kHz (C) Cp2ZrMe2/10MAO, 10 kHz (D) Cp2ZrMe2/15MAO, 10 kHz (E) 
Cp2ZrMe2/20MAO, 12.5 kHz (F) MAO exposed to an ambient atmosphere, 12.5 kHz.  
Bold, underlined text indicates 1H resonance assignment. 
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Figure A5.  A depiction of the Gaussian distribution utilized in Quadfit.2     
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Appendix B 
 
Supporting Information - Combining 35Cl Solid-State NMR and First Principles DFT 
Calculations for the Study of HCl Pharmaceuticals and their Polymorphs 
 
B.1  Supporting Experimental Information 
 
B.1.1  Experimental Polymorph Generation 
 
 
Additional experimental details 
 Sample Preparation of MexiI.  96 mg of commercial mexiletine HCl (Mexi) 
was dissolved 1 mL of methanol and allowed to slowly evaporate over approximately 4 
days.     
 Sample Preparation of MexiII.  Approximately 1 g of commercial mexiletine 
HCl (Mexi) was heated for two hours at 160 °C.  
 Sample Preparation of IsoxI.  547 mg of commercial isoxsuprine HCl (Isox) 
was placed in a Schlenk flask and dissolved in 20 ml of methanol.  The solution was 
cooled to 0 °C then placed in an oil bath at 140 °C and the solvent rapidly removed under 
reduced pressure.  
 
 The generation of all polymorphs was confirmed via pXRD.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
172 
 
B.1.2  Experimental Parameters for SSNMR Experiments 
 
 
 
Table B1. SSNMR Acquisition parameters for static 35Cl spectra (9.4 T) of Proc, Dicy, 
Alpr, Isop, Nyli, Dopa, Brom. 
 
Proc Dicy Alpr Isop Nyli Dopa Brom 
Pulse sequence Echo Echo Echo Echo Echo Echo Echo 
Number of sub-
spectra acquired 
 
5 7 5 5 5 5 5 
Transmitter 
offset per piece 
(kHz) 
 
40 50 50 50 50 55 50 
Number of scans 
per sub-
spectrum 
 
30464 31760 28992 30704 64800 30112 30704 
Recycle delay 
(s) 
0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Dwell (μs) 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Spectral width 
(kHz) 
500 500 500 500 500 500 500 
Acquisition 
length (number 
of points) 
 
512 512 512 512 512 512 512 
90° pulse width 
[π/2] (μs) 
 
1.75 1.75 1.75 1.75 1.75 1.75 1.75 
180° pulse width 
[π] (μs) 
 
3.5 3.5 3.5 3.5 3.5 3.5 3.5 
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Table B2. SSNMR Acquisition parameters for static 35Cl spectra (9.4 T) of Scop, Amin, 
Chlo, IsoxI, MexiI, MexiII. 
 
Scop Amin IsoxI MexiI MexiII 
Pulse sequence Echo Echo Echo Echo Echo 
Number of sub-
spectra acquired 
 
3 1 5 1 1 
Transmitter 
offset per piece 
(kHz) 
 
35 - 50 - - 
Number of scans 
per sub-
spectrum 
 
29681 153759 58000 28500 38608 
Recycle delay 
(s) 
0.5 0.5 0.5 0.5 0.5 
Dwell (μs) 2.0 10.0 2.0 10.0 2.0 
Spectral width 
(kHz) 
500 100 500 100 500 
Acquisition 
length (number 
of points) 
 
512 512 512 512 512 
90° pulse width 
[π/2] (μs) 
 
1.75 6.6 1.75 7.00 1.75 
180° pulse width 
[π] (μs) 
 
3.50 13.2 3.50 7.00 3.50 
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Table B3.  SSNMR Acquisition parameters for static 35Cl spectra (21.1 T) of of Proc, 
Dicy, Alpr, Isop, Nyli, Dopa, Brom. 
 
Proc Dicy Alpr Isop Nyli Dopa Brom 
Pulse sequence Echo Echo Echo Echo Echo Echo Echo 
Number of scans 41448 55280 41448 41448 41448 41448 41448 
Recycle delay 
(s) 
1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Dwell (μs) 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Spectral width 
(kHz) 
250 250 250 250 250 250 250 
Acquisition 
length (number 
of points) 
 
1024 1024 1024 1024 1024 1024 1024 
90° pulse width 
[π/2] (μs) 
 
1.5 2.0 1.5 1.5 1.5 1.5 1.5 
180° pulse width 
[π] (μs) 
 
3.0 4.0 3.0 3.0 3.0 3.0 3.0 
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Table B4. SSNMR Acquisition parameters for static 35Cl spectra (21.1 T) of Scop, Amin, 
Chlo, IsoxI, MexiI. 
 
Scop Amin IsoxI MexiI 
Pulse sequence Echo Echo Echo Echo 
Number of scans 14080 11520 58240 6800 
Recycle delay 
(s) 
1.0 1.0 1.0 1.0 
Dwell (μs) 2.0 5.0 2.0 2.0 
Spectral width 
(kHz) 
250 100 250 250 
Acquisition 
length (number 
of points) 
 
1024 1024 1024 1024 
90° pulse width 
[π/2] (μs) 
 
2.0 2.0 2.0 2.0 
180° pulse width 
[π] (μs) 
 
4.0 4.0 4.0 4.0 
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Table B5.  SSNMR Acquisition parameters for MAS 35Cl spectra (21.1 T) of Proc, Dicy, 
Alpr, Isop, Nyli, Dopa, Brom. 
 
Proc Dicy Alpr Isop Nyli Dopa Brom 
Pulse sequence Echo Echo Echo Echo Echo Echo Echo 
Number of scans 6144 6144 6144 6144 6144 6144 6144 
Recycle delay 
(s) 
1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Dwell (μs) 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Spectral width 
(kHz) 
250 250 250 250 250 250 250 
Acquisition 
length (number 
of points) 
 
2048 2048 2048 2048 2048 2048 2048 
90° pulse width 
[π/2] (μs) 
 
1.5 2.0 1.5 1.5 1.5 1.5 1.5 
180° pulse width 
[π] (μs) 
 
3.0 4.0 3.0 3.0 3.0 3.0 3.0 
Spinning speed 
(kHz) 
22 22 22 22 22 22 22 
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Table B6. SSNMR acquisition parameters for MAS 35Cl spectra (21.1 T) of Scop, Amin, 
Chlo, IsoxI, MexiI. 
 
Scop Amin IsoxI MexiI 
Pulse sequence Echo Echo Echo Echo 
Number of scans 1536 2560 9216 2560 
Recycle delay 
(s) 
1.0 1.0 1.0 1.0 
Dwell (μs) 2.0 10.0 2.0 10.0 
Spectral width 
(kHz) 
250 50 250 50 
Acquisition 
length (number 
of points) 
 
2048 2048 2048 2048 
90° pulse width 
[π/2] (μs) 
 
2.0 2.0 2.0 2.0 
180° pulse width 
[π] (μs) 
 
4.0 4.0 4.0 4.0 
Spinning speed 
(kHz) 
22 22 22 22 
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Table B7.  SSNMR acquisition parameters for 1H → 13C VACP spectra (9.4 T) of Mexi, 
MexiI, MexiII, Isox, IsoxI. 
 
Mexi MexiI MexiII Isox IsoxI 
1H π/2 pulse 
widths (μs) 
2.4 2.4 2.4 2.4 2.4 
Hartmann-
Hahn 
matching 
fields (kHz) 
 
54.4 54.4 54.4 57.9 57.9 
Number of 
scans 
40000 40000 16000 8500 8500 
Recycle delay 
(s) 
1.0 1.0 1.0 2.0 2.0 
Dwell (μs) 20 20 20 20 20 
Spectral width 
(kHz) 
50 50 50 50 50 
Acquisition 
length 
(number of 
points) 
 
1024 1024 1024 1024 1024 
Contact time 
(ms) 
1.5 1.0 5.0 4.0 4.0 
1H decoupling 
fields (kHz) 
 
62.5 62.5 62.5 62.5 62.5 
Spinning 
speed (Hz) 
9500 9500 9500 13000 13000 
 
 
 
 
 
 
 
 
 
          
 
 
  B.1.3  Experimental 35Cl EFG and CSA Tensor Parameters and Short Cl···H Contact Distances and Angles  
 
 
          Table B8.  Experimental 35Cl EFG and CSA tensor parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          The electric field gradient (EFG) tensor is described by three principal components such that |V33| ≥ |V22| ≥ |V33|.  aCQ = eQV33/h. 
          The signs of experimental CQ cannot be determined; bηQ = (V11 – V22)/V33.  The chemical shift (CS) tensor is described by three 
           principal components such that δ11 ≥ δ22 ≥ δ33.  cδiso = (δ11 + δ22 + δ33)/3;  dΩ = δ33 – δ11;  eκ = 3(δ22 – δiso)/Ω.  
 
 
 
 
 CQ (MHz)a ηQb δiso (ppm)c Ω (ppm)d κe α (°) β (°) γ (°) 
Adip1 5.94(6) 0.18(3) 128(5) 155(20) 0.60(20) 10(10) 13(2) 35(15) 
Bufl1 5.67(13) 0.18(6) 75(10) 125(30) -0.60(20) 5(5) 8(4) 45(10) 
Tetr2 6.00(10) 0.27(4) 71(6) 80(15) 0.4(3) 60(8) 8(5) 10(10) 
Trig1 7.50(12) 0.05(3) 70(10) 120(30) 0.80(20) 30(20) 12(5) 50(15) 
Rani1 4.70(10) 0.92(3) 75(5) 70(15) 0.30(30) 55(10) 95(10) 10(10) 
Lidu2 4.67(7) 0.77(3) 100(4) 110(15) -0.85(3) 12(3) 40(10) 80(3) 
Dibu site 11 4.65(20) 0.86(7) 105(15) 100(20) -0.26(60) 70(15) 80(50) 90(10) 
Mexi site 11 5.45(10) 0.40(8) 90(5) 80(20) -0.80(20) 40(30) 100(20) 0 
Aman1 2.90(4) 0.68(3) 131(5) 50(5) 0.60(20) 80(10) 80(10) 20(20) 
Lcme3 2.37(1) 0.81(3) 48.2(7) 45(15) ---- ---- ---- ---- 
Aceb1 4.57(5) 0.50(4) 95(5) 95(10) -0.30(30) 15(5) 15(5) 60(5) 
Lhis4 4.59(3) 0.46(2) 93(1) <150 ---- ---- ---- ---- 
Dibu site 21 4.00(20) 0.93(7) 95(15) 80(20) -0.20(60) 95(15) 100(50) 10(10) 
Mexi site 21 3.10(10) 0.55(10) 130(5) 75(20) 0.80(20) 10(10) 5(5) 0 
Isox1 5.50(15) 0.25(5) 120(10) 50(20) 0.50(40) 40(20) 55(15) 20(20) 
Treo4 5.4(1) 0.94(2) 99(10) 95(40) -0.2(5) 95(15) 0(10) 0(15) 
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Table B9.  Short Cl···H contact distances and angles for HCl pharmaceuticals containing 
two hydrogen close contacts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aShortest (< 2.6 Å) Cl···H contacts as determined via first principles energy minimization and geometry 
optimization.  See the experimental section for details.  bCQ = eQV33/h.  cRefers to the H – Cl – H bond 
angle for the two closest hydrogen contacts 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Compound Contact Type Cl···H Contacts  
(Å) a 
CQ (MHz)b H – Cl – H bond 
angle (°)c  
Brom R3NH+···Cl 2.020 5.80(3) 117 
 RNH2···Cl 2.278   
Nyli ROH···Cl 1.974 5.20(10) 106 
 R2NH2+···Cl 2.094   
Scop ROH···Cl 2.101 3.82(3) 115 
 R3NH+···Cl 2.111   
Rani1 R3NH+···Cl 2.017 4.70(10) 101 
 R2NH···Cl 2.208   
Lidu2 R3NH+···Cl 1.995 4.67(7) 108 
 HOH···Cl 2.246   
Dibu site 11 R3NH+···Cl 2.010 4.65(20) 102 
 R2NH···Cl 2.361   
Mexi site 11 RNH3+···Cl 2.013 5.45(10) 98 
 RNH3+···Cl 2.103   
181 
 
Table B10.  Short Cl···H contact distances and angles for HCl pharmaceuticals 
containing three hydrogen close contacts. 
Compound Contact Type Cl···H Contacts 
(Å) a 
CQ (MHz)b ∠H – Cl – H (°)c 
Alpr R2NH2+···Cl 2.036 5.25(2) 149.70 
 R2NH2+···Cl 2.159  73.34 
 ROH···Cl 2.250  89.72 
Isop ROH···Cl 2.044 5.30(5) 137.05 
 ROH···Cl 2.105  90.29 
 R2NH2+···Cl 2.105  118.04 
Proc R3NH+···Cl 2.008 4.25(5) 111.20 
 R2NH···Cl 2.294  125.41 
 RNH2···Cl 2.356  119.74 
Aman1 RNH3+···Cl 2.117 2.90(4) 81.18 
 RNH3+···Cl 2.122  79.76 
 RNH3+···Cl 2.182  115.92 
Lcme3 RNH3+···Cl 2.101 2.37(1) 82.20 
 RNH3+···Cl 2.110  89.47 
 RNH3+···Cl 2.239  108.93 
Aceb1 ROH···Cl 2.103 4.57(5) 124.71 
 R2NH2+···Cl 2.110  89.05 
 R2NH2+···Cl 2.267  100.34 
Lhis4 RNH3+···Cl 2.168 4.59(3) 77.08 
 RNH3+···Cl 2.212  81.50 
 HOH···Cl 2.227  109.34 
Dibu site 21 R3NH+···Cl 1.928 4.00(20) 103.40 
 HOH···Cl 2.111  112.56 
 R2NH···Cl 2.254  111.43 
aShortest (< 2.6 Å) Cl···H contacts as determined via first principles energy minimization and geometry 
optimization.  See the experimental section for details.  bCQ = eQV33/h.  cRefers to the H – Cl – H bond 
angle of the short H···Cl contacts.   
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B.1.4  Supplementary Figures 
 
 
 
 
 
 
Figure B1. Correlation between experimental and calculated values of (a) CQ, and (b) ηQ.  
All calculations were performed prior to geometry optimization of the structure using 
CASTEP.5-8  The solid line is the line of best fit for the plotted points and the dashed line 
represents perfect correlation. 
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Figure B2. Correlation between experimental and calculated values of δiso.  In (a) values 
were calculated post geometry optimization of the hydrogen atom positions, in (b) values 
were calculated post full geometry optimization of the structure and, in (c) values were 
calculated prior to geometry optimization.  All calculations were performed using 
CASTEP.5-8  The solid line is the line of best fit for the plotted points and the dashed line 
represents perfect correlation. 
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Figure B3. Correlation between experimental and calculated values of Ω In (a) values 
were calculated post geometry optimization of the hydrogen atom positions, in (b) 
values were calculated post full geometry optimization of the structure and, in (c) 
values were calculated prior to geometry optimization.  All calculations were 
performed using CASTEP.5-8  The solid line is the line of best fit for the plotted points 
and the dashed line represents perfect correlation. 
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Figure B4. Correlation between experimental and calculated values of κ.  In (a) values 
were calculated post geometry optimization of the hydrogen atom positions, in (b) values 
were calculated post full geometry optimization of the structure and, in (c) values were 
calculated prior to geometry optimization.  All calculations were performed using 
CASTEP.5-8  The solid line is the line of best fit for the plotted points and the dashed line 
represents perfect correlation. 
186 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B5.  Correlation between experimental CQ and H···Cl bond distance for API’s 
for which the closest H···Cl contact involves an oxygen containing moiety (Trig, Nyli, 
Scop, Isop, Aceb, Treo and Dopa). 
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Figure B6.  Experimental powder X-ray diffraction patterns of (a) Isox and, (b) IsoxI 
measured at room temperature.  Corresponding simulations are shown in red.   
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Figure B7.  1H → 13C VACP SSNMR spectra (9.4 T) of (a) Isox and, (b) IsoxI.  
νrot = 13 kHz.  Spinning sidebands denoted by *. 
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Figure B8.  Experimental powder X-ray diffraction patterns of (a) Mexi, (b) MexiI, 
and (c) MexiII measured at room temperature.  The corresponding simulation is shown 
in red.   
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Figure B9.  Simulation of the static 35Cl SSNMR spectrum of MexiI (9.4 T) with (a) 
no CSA contribution and (b) with CSA contribution.  Note the splitting of the low 
frequency horn due to CSA.  (c) Experimental static 35Cl SSNMR spectrum of MexiI 
at 9.4 T.  (d)  Simulation of the 35Cl MAS SSNMR spectrum of MexiI (21.1 T).  (e) 
Experimental 35Cl MAS SSNMR spectrum of MexiI at 21.1 T. 
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Figure B10.  1H → 13C VACP SSNMR spectra (9.4 T) of (a) Mexi, (b) MexiI and, 
(c) MexiII.  νrot = 9.5 kHz.  Spinning sidebands denoted by *. 
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Figure B11. (a) Simulated powder pattern of Proc calculated from previously determined 
single crystal X-ray diffraction structure9 and (b) experimental powder X-ray diffraction 
pattern of Proc measured at room temperature.  
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Figure B12. (a) Simulated powder pattern of Dicy calculated from previously determined 
single crystal X-ray diffraction structure10 and (b) experimental powder X-ray diffraction 
pattern of Dicy measured at room temperature.  
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Figure B13. (a) Simulated powder pattern of Alpr calculated from previously determined 
single crystal X-ray diffraction structure11 and (b) experimental powder X-ray diffraction 
pattern of Alpr measured at room temperature.  
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Figure B14. (a) Simulated powder pattern of Isop calculated from previously determined 
single crystal X-ray diffraction structure12 and (b) experimental powder X-ray diffraction 
pattern of Isop measured at room temperature.  
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Figure B15. (a) Simulated powder pattern of Nyli calculated from previously determined 
single crystal X-ray diffraction structure13 and (b) experimental powder X-ray diffraction 
pattern of Nyli measured at room temperature.  
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Figure B16. (a) Simulated powder pattern of Dopa calculated from previously 
determined single crystal X-ray diffraction structure14 and (b) experimental powder X-ray 
diffraction pattern of Dopa measured at room temperature.  
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Figure B17. (a) Simulated powder pattern of Brom calculated from previously 
determined single crystal X-ray diffraction structure15 and (b) experimental powder X-ray 
diffraction pattern of Brom measured at room temperature.  
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Figure B18. (a) Simulated powder pattern of Scop calculated from previously determined 
single crystal X-ray diffraction structure16 and (b) experimental powder X-ray diffraction 
pattern of Scop measured at room temperature.  
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Figure B19. (a) Simulated powder pattern of Amin calculated from previously 
determined single crystal X-ray diffraction structure17 and (b) experimental powder X-ray 
diffraction pattern of Amin measured at room temperature.  
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